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PREFACE 
Previous work by t h i s  laboratory on photodie lec t r ic  e f f e c t  i n  
semiconductors has l ed  t o  a d i g i t a l  t ransducer  which converts analog l i g h t  
i n t e n s i t y  t o  change i n  frequency of a superconducting cavi ty .  This i s  a 
d i g i t a l  behavior i n  a p r a c t i c a l  sense s ince t h e  frequency i s  a na tu ra l ly  
countable output.  The work reported on w a s  of a wide bandwidth de tec tor  
consis t ing of a s i l i c o n  o r  germanium wafer i n  the  cavi ty ,  The o p t i c a l l y  
induced f r ee -ca r r i e r  e f f e c t  had a l i f e t ime  of l e s s  than a microsecond, 
When t h e  l i g h t  was removed t h e  frequency change dropped t o  zero with 
t h a t  time-constant 
It i s  evident g r e a t e r  s e n s i t i v i t y  could be rea l ized  i f  t he  
l i f e t ime  w a s  extended, I n  t h e  l i m i t  t h e  f r e e  c a r r i e r s  might become 
trapped and t h e  e f f ec t  could then be one of  t h e  change i n  polar iza t ion  
between a valence-band e l ec t ron  and a trapped e lec t ron .  A t  l o w  temperature 
t h e  l ifetime would become essentially i n f i n i t e ,  o r  t he  e f f e c t  could be 
@ansidered LEI "photographic" i n  nature (I 
wa8 atarted on Cabiaunr $ulfide with Umfnurn w d  Silver LS pasnible  
With t h i s  hops i n  view, research 
l e  %f e U e c a e B f a  t h s  de tec tor  whisk C S U 8  ba bu8Xt W s a d  have 
R I B  t h a t  i$ WQsx%d integra$@ the totFtL f ight  flux and 
would not  d when %he op t i c  1 e%imulua WLM removed, 
reater i n t e r e s t  was t h e  possible  device appl ica t ion  of 
t h e  litt$e-known "tap effect". 
are given a mechanical shock t h e  change f n  po la r i za t ion  is removed by same 
mechanism t h a t  is not wel l  understood, There appeared t o  be a poss ib le  
When CdS and other o p t i c a l l y  s e n s i t i v e  c r y s t a l s  
iii 
d i g i t a l  t ransducer  which would convert impulse t o  frequency or which could 
be used t o  r e s e t  t he  photodie lec t r ic  e f f e c t .  Both t h e  photodie lec t r ic  
e f f e c t  and t h e  " tap e f fec t ' '  a r e  regarded as f r u i t f u l  areas f o r  d i g i t a l  
transducer concepts 
i v  
I n  cadmium sulfide s ingle  c r y s t a l s  at cryogenic temperatures, 
t h e  photodie lec t r ic  e f f e c t  i s  a result o f  t h e  t rapping of o p t i c a l l y  
generated e lec t rons .  A change i n  both t h e  r e a l  and imaginary p a r t s  
of t h e  d i e l e c t r i c  constant i s  observed when t h e  semiconductor sample 
i s  placed i n  a superconducting microwave resonant cavi ty  and i l lumin- 
a ted.  The resorlant frequency of t h e  caviOy decreases due t o  an in-  
crease i n  t h e  real p a r t  of t h e  d i e l e c t r i c  constant ,  while a change 
i n  t h e  imaginary p w t  i s  deteoted as an increase i n  t h e  amount of 
microwave power absorbed i n  t h e  cav i ty ,  Using a simple harmonic 
o s c i l l a t o r  t o  represent, trapped e l ec t rons ,  equations are derived 
which accurately p red ic t  t h e  change i n  t h e  d i e l e c t r i c  constant due 
t o  those e lec t rons .  
It i s  shown t h a t  t he  magnitude of t h e  photodie lec t r ic  e f f e c t  
due t o  a s ing le  trapped e l ec t ron  i s  proporCiona1 t o  E-3, where E i s  
t h e  separat ion of t h e  t rapping l e v e l  from t h e  conduction band, 
There i s  a minimum useable value of E,  however, found t o  be about 
0.001 eV. For smaller  energies ,  t h e  e l ec t ron  a c t s  l i k e  a f r ee  
e lec t ron ,  Other parameters which a f f ec t  t h e  s i z e  of t h e  cavi ty  f re -  
quency change are t h e  densi ty  of t rapped c a r r i e r s ,  t h e  sample volume 
3 and the  resonant frequency of t h e  cav i ty ,  For example, a 0.143 em 
CdS:Al sample y i e lds  a frequency change of 730 kHz i n  an 830 MHz 
cavi ty  due t o  t h e  f i l l i n g  of 0.127 e V  t r a p s ,  w i t h  a concentration 
o f  about 1 .7  x 
v 
Using simultaneous pQwer absorption and frequency change da ta ,  
it i s  possible  t o  separate  photoconductivi$y and photodie lec t r ic  
e f f e c t s  i n  t h e  sample, The hapnmle osci,llator model p red ic t s  a 
l a r g e r  amount of power abvorption fw free e lec t rons  than f o r  bound 
c a r r i e r s ,  and % h i s  r e l a t i o n  i s  eqparimentally coafirmed. A l a r$e  
change i n  t h e  slopes of A f  and QP vs time, fo r  q canstant appl ied 
l i g h t ,  i nd ica t e s  t h e  aQproxirnate time at which the  e lec t ron  t r a p s  
become sa tu ra t ed  and t h e  formation of a p e r s i s t e n t  photocurrent 
begins.  
It i s  fu r the r  shown t h a t  t h e  pho%Qdie&ectric e f f e c t  has a 
s e n s i t i v e  dependence on t h e  t a p  e f f e c t .  The frequency change can be 
p a r t i a l l y  r e s e t  by applging wechanic81 energy. 
frequency recovered 20 kHz due t o  t h e  we& vibration assoc ia ted  with 
a l i q u i d  helium t r a n s f e r  process. The r e s u l t s  here  agree with the 
popular model. of tihe t a p  elfec-t;, a; t t r ibut ing t h e  phenomenop $0 t h e  
f ree ing  o f  trappqd ho le s ,  
Fox example, t h e  
Further inveskigation i s  proposed. 
Uses of t h e  CdS-microwave qavity system operated i n  the  photo- 
d i e l e c t r i c  mode f a l l  i n t o  two cakegorizs:  
p rope r t i e s ,  and ( 2 )  detec t ion  of stjeady weak l i g h t s .  
t r a p  depths and d e n s i t i e s ,  9s well  8s t h e  ta,p e f f e c t  and i n f r a r e d  
quenching, t h e  pho tod ie l ec t r i c  methad ;is e a s i e r  t o  use than t h e  
TSC method, and provjdes r e s u l t s  which are more readi;ly anaLyzed, 
(1) study of mate r i a l  
For studying 
f o r  t h e  case when t r a p s  are shallow and no t  t o o  closely spaced. 
A pho tod ie l ec t r i c  de tec tor  usisg Cd$ has a minimum detectable  
power l e v e l  of 5 )c watts assuming an in t eg ra t ion  time of one 
vi 
hour and a minimum de+@cQbl@ f'reqyenpgr change 91 1 Hz. Suggestions 
f o r  improving th@ sens$t$vi.ty incllnde $he use of larger sasaples with 
shallower traps, Gad w higher cavi.t;y frequency, 
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Chapter I 
INTRODUCTION 
A. 7 The Photodie lec t r ic  Effect  & Semiconductors 
I n  ma te r i a l s  such as Ge and S i ,  t he  phs tod ie l ec t r i c  e f f e c t  i s  a 
decrease In  t h e  r e a l  p a r t  of t h e  complex die; lectr ic  constant which folJows 
%he o p t i c a l  e x c i t a t i m  of the  crys2;al. This decrease i s  a, r e f l e c t i o n  of 
t h e  dynamic response when a number of bound elec-brons ( i n  t h e  valence band) 
become f r ee  and experiepce i n e r t i a  fo rces ,  r e s a t i n g  i n  a phase s h i f t  
between t h e  c a r r i e r  ve loc i ty  and an appl ied RF e l e c t r i c  f i e l d .  The e f f e c t  
i s  normally short- l ived,  however, due t o  f r e e  c a r r i e r  l i fe t ime$ of t h e  order 
of lov7 sec  i n  S i  and Ge. 
semiconduators have r e l a t i v e l y  wide bandwidth c h a r a c t e r i s t i c s  and wake 
A m d t ,  Hartwig and Stone'" have shown t h a t  these  
r e l a t i v e l y  in sens i t i ve  de tec tors  of l i g h t ,  suidiable for detect ing high 
frequency amplitude modulated l a s e r s .  These materials a r e  no& s e n s i t i v e  
de tec tors  of s teady,  we& l i g h t ,  however. 
Analysis showed that  the  gain-bwdwidth product of a semioon- 
ductor photodie lec t r ic  de tec tor  i s  a constant .  Thus, s e n s i t i v i t y  may be 
increased only at the  expense of bandwidth, 
bandwidth i s  not needed, and $ e n s i t i v i t y  m4y be maxiwieed. Since photo- 
conductor gain i s  proport ional  t o  the free carrier l i f e t ime ,  it w Q u l d  be 
expected t h a t  semiconduetors w i t h  long f r e e  c a r r i e r  l i f e t imes  would tend  
t o  be sensi.t;ive o p t i c a l  detectors  when operated i n  e i t h e r  the  photoconductive 
o r  photodie lec t r ic  mode. 
For steady,  weak Light ,  wide 
* Referenaes l i s t e d  i n  bibliography. 
1 
2 
Cadmium su l f ide  is one of t h e  most s e n s i t i v e  semiconductoy 
photodetectors at room temperature, and i t s  speed o f  response i s  on t h e  
order  of  1 0  t o  10 slower than f o r  Gs o r  S i .  Thus it was apparent t h a t  
perhaps the  photodie lec t r ic  e f f ec t  i n  CdS or  o the r  11-VI: compounds at low 
4 6 
temperatures would be s u i t a b l e  to allow the  use of t hese  mater ia l s  i n  a 
slow but s e n s i t i v e  op t iqa l  de t ec to r ,  
B. E a r l y  Inves t iga t ions  
Although t h e  photoconductivity of SemiCQMdUCtOrEi has been wel l  
s tud ied ,  r e l a t i v e l y  l i h t l e  work had been done befQre 1960 on t h e  corres- 
ponding photodie lec t r ic  e f f e c t s .  
d i e l e c t r i c  e f f ec t  i n  s i l i c o n  and g e w a n i w  at  low temperatyres w a s  proposed 
by Har.twig2 and Gem3. 
The poss ib iLi ty  of  observing t h e  photo- 
mperiments showed t h a t  t h e  ao i se  l e v e l  at 7 7 O K ,  
due t o  thermally generated c a r r i e r s  
might have been present ,  
able  t o  observe a frequency shif”t  of 90 kHz i n  t h e  resonant frequency of 
a 810 MHz superconducting resonant cav i ty  containgng s i l i c o n .  
ca r r i ed  t h e  analysis af t h e  system f u r t h e r ,  and a l s o  designed and successful ly  
operated a l a s e r  de tec tor  w i t h  a 1 MHz bandwidth, using t h e  pho%odieleptric 
e f f e c t  i n  s i l i c o n .  
maekqd whatever pho$odielectric e f f ec t  
repeated t h e  measurements at 4,2OK and was  4 Arndt 
5 Stane 
6 A summary by Bube of photodie lec t r ic  e f f e c t s  i n  CdS-type mater ia l s  
revealed t h r e e  poss ib le  explanations f o r  obgerved apparent chaxlges i n  t h e  
d i e l e c t r i c  constants of those materials, given as follows. (1) I n  photocon- 
ductors with paraLlel  p l a t e  e lec t rodes  t h e  change may ac tua l ly  represent  
a change i n  the  e f f e c t i v e  dis tance betveen the e l ec t rodes ,  due t o  an increase 
3 
i n  t h e  conduct ivi ty .  
space charge at g ra in  boundaries i n  powders, 
an a c t u a l  change i n  t h e  p o l a r i z a b i l i t y  o f  t h e  c r y s t a l ,  due t o  t h e  t rapping 
of  e lec t rons .  
poss ib le ,  depending on the  various physical  cQndit ions of t h e  sample and i t s  
environment . 
C. 
( 2 )  It might be a r e f l e c t i o n  of t b e  formation of  a 
(3 )  It may be t h e  result  of 
Bube's conclusion was t h a t  each of t h e  th ree  explanations i s  
Expected Pk@qdielectric Response i n  Cadmium Sulf ide 
Library research proved t h a t  CdS, and e spec ia l ly  s i l v e r  doped 
, _ .  
CdS (CdS:Ag), may i n  some cases be chqracter ized by long f r ee  c a r r i e r  I l f e -  
times. reported a photocurrent decay time of about 0 . 3  m s  i n  CdS:Ag 
a t  77OK. 
decay times o$ about 1 0  minutes. 
decay at, temperatures below 208'K i n  a Na-doped CdS c rys t a l .  
g r e a t e r  than 1 minute i n  Cd3 at 276OK were observed by Bube 
pendence of capaa i t ive  decay i n  a capaci tor  with 2t ZqS-CdS powder d i e l e c t r i c ,  
observed by Kronenberg and Accardo'l, had a two minute decay t ime a t  l i q u i d  
a i r  temperature, 
times g rea t e r  than 
long decay t imes.  It must be remembered t h a t  Lifetime and decay t i m e  a r e  not 
t he  same, due t o  t rapping e f f e c t s ,  For example, B photoconductor with a 
densi ty  of n f r e e  c a r r i e r s  and nt t rapping si tes has a response time given by 
? Lambe 
8 
In  another CdS:Ag sample at 7'Z(, Lambe described photocurrent 
9 
Kulp reported photscurrents which d i d  not 
Decay .times 
10 . Time de- 
Matthevs and Warter12 reported photoconductivity decay 
sec i n  CdS a t  188OK. Many Qthers  observed similar 
t n = (1 + --IT 
n , n  Qn T 
where T i s  t h e  f r e e  c a r r i e r  l i f e t ime ,  n 
4 
l i f e t ime  may be rpech, less than the  response time [A complete ana lys i s  
of t h i s  problem i s  given by Rose”]. 
between l i f e t i m e  and respclnse t ime, t h e  free c a r r i e r  l i f e t i m e  i n  CdS 
i s  s t i l l  considerably longer thaq i n  Ge or S i  a$ low temperqtqres. 
Even conFidering $his  difference 
The d i f fe rence  i n  the  pho tasans i t i v i t i e s  of  cadmium s u l f i d e  and 
s i l i c o n  i s  a r e s u l t  of c e r t a i n  t rappisg  e f f e c t s  i s  t he  caa ium su l f ide .  
Sens i t ive  crystals aF cadnivm suLfide h w e  8 l a rge  concentration of deep 
hole t r a p s .  These t raps  slow Ghe rate of  recombination of f r ee  holes  and 
e l ec t rons ,  and *herefore a l low the  elecCrons t o  have a longer f r e e  l i f e t ime .  
Cadmium s u l f i d e  may have a photoconductive ga ip  g rea t e r  than 
uni ty .  
of’ charge c a r r i e r s  passing between t h e  phskoconductor e l e c t w d e s  i n  a unit  
t i m e  t o  t h e  number ~f electron-hole pairs $ener&ed i n  a u n i t  of  t i n e .  I n  
o ther  words it i$, t h e  r a t i o  T /T,  where T i s  t h e  f r ee  c a r r i e r  L i f e t i m e  and 
T i s  t h e  c a r r i e r  t r a n s i t  time between t h e  eJ,ectrodes. According t o  Bube , 
e lec t rons  a r e  always t h e  majori ty  qarriers i n  cadmium s u l f i d e ,  due t o  t h e  
l a rge  amount of hole t rapping.  Photoconductivity $&ins,  due t o  long f r e e  
e l ec t ron  l i f e t i m e s ,  may e a s i l y  be made a8 l a rge  as l o 4  t o  10 . 
The photocqpductivity gain i s  dqfined as t h e  r a t i o  o f  t h e  number 
L L 
1 4  
5 
It should now be obvious why a photodie lec t r ic  de tec tor  using 
a cadmium su l f ide  sample w a 8  expected t o  be s s n s i t i v a  m d  SLOW i n  response. 
Since t h e  r a t e  of recpmbinatioq i s  g r e a t l y  reduced, t he  f r ee  elachrons 
generated by t h e  first few photons i n  a pulse  of l i g h t  a r e  s t i l l  f r ee  a t  the  
end of t h e  l i g h t  p u s e ,  and thus  the  dens i ty  o f  f r e e  c a r r i e r s  i s  l a rge .  If 
t h e  same pulse  of l i g h t  were applied t o  s i l i c o n ,  however, t h e  e lec t rons  
freed by t h e  f i r s t  few photons would quickly recombine so t h a t  no t r a c e  
5 
of them would be l e f t  at t h e  en4 of  t h e  pulse .  
of s i l i c o n  i s  smaller 4han that  of cadmium su l f ide .  
Therefqre, t h e  photosens i t iv i ty  
The speed of response 9f s i l i c o n ,  on t h e  o ther  hand, i s  higher 
than t h a t  of cadmium sulf ide,  Gince t h e  f r e e  eleceron l ifetime of s i l i c o n  
i s  shor t e r ,  Che conductivity i s  able t o  follow more rap id  changes i n  t h e  
amplitude-modulated l i g h t ,  
conductor i s  able t o  Pollow i s  approxirna-kly equal t o  l/~,,,. 
The maximm mpdulation frequency which t h e  photo- 
To Inves t iga te  t h e  photodie lec t r ic  ef'fec$ i n  cadmium s u l f i d e  
at 4.2'K and t o  evaluate i t s  usefulgess as an o p t i c a l  de tec tor  when operated 
i n  t h e  photodie lec t r ic  mode, a s e r i e s  of' experiments was proposed using t h e  
superconducting resonant cavi ty  described by Bartwig and h i s  co-workers 192,324 . Y 5 
It was hoped t h a t  t h e  experimental .t;echnigue would y i e l d  new ins igh t  i n t o  
o p t i c a l  e f f ec t s  ;in cadmiwn su l f ide  by giving simultaneous d i e l e c t r i c  and 
absorption measurements, In  p a r t i c u l a r  i C  was hoped t h a t  $he change i n  
t h e  l a t t i c e  po1ariza;tion cpu ld  be observed, when e l@ctrons  were exc i ted  
f r o m t h e  valence band t o  'craps, 
photodie lec t r ic  de tec tor  using cadmium su l f ide  was t o  be determined and 
evaluated, and methods of maximizing t h s  performance of t h e  system were 
desired.  The final. goal  was t o  develop a model and ana ly t i ca l  procedure t o  
explain observed e f f e c t s  and predict  phofwdielectric behavior i n  cadmium 
s u l f i d e  e 
The s e n s i t i v i t y  and usefulness of  a 
Chapter 13: 
PHYSTCS AND CHEMISTRY OF CA,DMIUM SUZFIDE 
The o p t i c a l  and e l ec t ron ic  processes which occur i n  cadmium sul- 
f ide  tend  t o  be quite complex, due t o  $he physical  and chemicgl nature  of the 
substance. Many phenomena have beeq explained i n  B sa t i e f aa to ry  manner; o thers  
a r e  s t i l l  under study, 
some of t h e  p m p e r t i e s  of CdS necessary for  t h e  explanation of t h e  photo- 
The followiDg chapter present6 a b r i e r  discussion of 
d i e l e c t r i c  e f f e c t ,  
A. Crystal S t ruc ture  
Cadmium s u l f i d e  rn@y Crys-baZlize i n  e i t h e r  t h e  zincblende s t r u c t u r e  
o r  t h e  wur tz i te  s t ruct ,qre ,  which a re  both $horn i n  f igure  11-1. 
t h 8 t  t h e  zincblende s t r u c t u r e  would bs t h e  diamond s t r u c t u r e  i f  t h e  atoms 
were all t h e  same. 
of t h e  o ther  kind, loca'ced at t h e  ve r t i ce s  of a ketmhedron. In  t h e  subr 
l a t t i c e  of atoms of t h e  same kind, t h e r e  are 4welve neares t  neighbors, Six  
of these  a r e  loca ted  a t  $he vestices a$? a bexagan surrounding t h e  o r i g i n a l  
atom, Three more a r e  above, and t h r e e  a re  below, at t h e  ca rnws  of a 
tetrahedron,  
It i s  seen 
Elvery atom i s  surrounded by four  neayest neighbor atoms 
Due t o  t h i s  arrangement, t h e r e  i s  no center  of symmetry o r  
inversion,  and t h e  Cd6 Payers have unique or ientaeions . Zincblende c r y s t a l s  
are the re fo re  polar ,  and opposed faces and appoqed d i r ec t ions ,  i n  general ,  
have d i f f e r e n t  phys ica l  and chemical p rope r t i e s .  For example, zinoblende 
crystals a r e  p i ezoe lec t r i c .  
The wur tz i te  s t r u c t u r e  d i f f e r s  s l i g h t l y  Pram t h e  zincblende, Each 
Cd atom i s  bonded t o  four  S atcms, approximately at  t h e  corners of a 
te t rahedron ,  but they  da not have %he same spacing,  The twelve next t o  
6 
e - Cd 
0 - S  
7 
Fig. I I  .31 la. Zincblende crystal structure. 
Fig. I I  - Ib. Wurtzite crystal structure. 
8 
neares t  neighbors are Grranged as i n  t h e  zincblende s t ruc tu re .  The 
wur tz i te  s t r u c t u r e  may a l so  be viewed as two i n t e r l a c e d  hexagonal close- 
packed l a t t i c e s .  Wurtzite l ikewise has no center  o r  symmetry and t h e  Cd 
and S atoms can be v isua l ized  as forming a network of  permanent d ipoles ,  
I n  zincblende, t h e  network i s  balanced, but i n  wur t z i t e  t h e r e  i s  no balance. 
The r e s u l t  i s  t h a t  wuntzite may be py roe lec t r i c  as w e l l  as p i ezoe lec t r i c ,  
For add i t iona l  d e t a i l s  concerning c r y s t a l  s t r u c t u r e  , t h e  reader i s  r e fe r r ed  
t o  Smith’’, I4 Lat t i ce  parameters fcv CdS axe given by Segal l  . 
Ei the r  form of CdS may be prepared, depending on t h e  methQd of 
16 preparat ion.  According t o  Newberger , t he  hexagonal wur t z i t e  form i s  t h e  
s t a b l e  modification between 25’C and 900°C, 
t o  t h e  wur t z i t e  when t h e  c r y s t a l  i s  heated above 100 C. 
The zincblende s t ruc tu re  r eve r t s  
0 
Due t o  t h e  type of c r y s t a l  s t r u c t u r e ,  many of %he phys ica l  pro- 
p e r t i e s  of  CdS depend on t h e  c r y s t a l  o r i en ta t i an .  Those which aye of  major 
concern here  are t,he absorption Coeff ic ient ,  t h e  d i e l e c t r i c  constant ,  t h e  
e f f ec t ive  masses, energy bands,, mobil i ty ,  and the  r e f l e c t i o n  cQeff ic ient .  
Values f o r  t hese  parameters are normally given f o r  alignment e i t h e r  per- 
pendicular to o r  p g r a l l e l  t o  t h e  c axis, which i s  t h e  axis normal t o  t h e  
plane o f  t h e  hexagon. The r a t i o  of  E t o  E may be as g rea t  as 1 . 4  
according t o  Czyzak The corresponding r a t i o  f o r  t he  e l ec t ron  e f f e c t i v e  
mass i s  given as 1 .05  by Hopfield and Thomas18, while t h e  r a t i o  f o r  t h e  
hole e f fec t ive  mass may be as high as 7.0. 
rJ.- r I1 
17 
i 
Zook and Dexter‘’ found t h a t  
t h e r e  i s  a s ing le  conduction band minimum a t  k = 0 ,  so  t h e  band gap 
t r a n s i t i o n  i s  d i r e c t .  Button2’ shows t h a t  t h e  anisotropy of t h e  absorption 
coe f f i c i en t  follows approximately t h e  1-ela.tion 0: ( A )  = aL(A + 300 A )  over a 
0 
I1 
9 
wide range of temperatures,  whiJe far the  r e f l e c t i o n  coe f f i c i en t ,  Lempicki 21 
gives pL,p,, = 1.15. 
d i e l e c t r i c  constant may cause d i f f i c u l t i e s .  
In  t h e  following ana lys i s ,  only t h e  anisotropy of t h e  
B. Energy Bands) 
The energy band s t ruc tu re  of  p w e  and doped C d s  has been s tudied  
22 
by many observers;  a complete p io ture  i s  given by Cardona and Harbeke 
For t h i s  paper ,  only t h e  energy gap between t h e  conduction band and t h e  
valence band w i l l  be of i n t e r e s t .  The f a c t  Chat t h i s  band t o  band t r a n s i t i o n  
i s  d i r e c t  has already been mmltioned. Cardona and Earbecke give E = 2.53 eV 
at  300°K, and IJopfield. and Thoaas give E = 2,5826 eV at  4,2'K, Using 
the  l a t t e r  value and da ta  given by C o l b r ~ w ~ ~  r e s u l t s  i n  a p lo t  of  E 
T ,  given as f igu re  11-2. 
. 
g 
18 
g 
vs 
k2 
The energy l e v ~ l s  which appear within t h e  CdS bandgap aye a l s o  wel l  
The only l e v e l s  which can be predic ted  acowa;tely a r e  thaae  s tudied.  
donor l eve l s  which @re due t o  group 3 or gwup 7 impur i t ies ,  and those due 
t o  Cd vacancies. 
while t h e  observed values t end  t o  be closer t o  0.030 e V ,  as reported by 
Calculations based on a hydrogenic model give Ed = 0.032 eV, 
b Bube e Other data concerning energy l e v e l s  i s  given i n  Table 11-1. In  
using t h i s  da ta ,  it should be r ea l i zed  that  i n  genera l  t h e  or ig ins  of some 
of t h e  energy l e v e l s  a r e  not d e f i n i t e l y  known. 
Since t h e  value of  t h e  band gap energy va r i e s  w i t h  temperature, 
it might be expected t h a t  t h e  same i s  t r u e  for t h e  energy l e v e l s .  A curve 
of edge emission vs temperature i n  CdS, ind ica t ing  l e v e l s  down t o  0.25 eV, 
i s  given by Kulp, e t ,  a l .  and i s  repwduced i n  f igu re  11-3. The most note- 
worthy f ea tu re  i s  t h a t  f o r  teapera tures  below 100°K, any change i n  t h e  pos i t i on  
24 
Fig. I I  - 2. Eg vs 7 in CdS. 
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Table 11-1 
Energy Levels i n  CdS 
Pyob ab le 
Origin 
C r  
I n  
Cl 
Al ,Cl 
.Group IT1 ? V K t  
NI 
S 
cnca;, 
Surface 
Surface 
Cd 
CUCl2  
Surface 
Cd 
Re f e renc e 
9 
25 
9 
16 
16 
9 
23 
6 
9 
16 
$6 
26 
27 
16  
28 
25 
26 
28 
9 
29 
9 
30 
31 
10  
32 
31 
28 
30 
31 
28 
26 
9 
32 
28 
9 
Type" Note* 
a 
a 
a 
D 
D 
A 
e 
A 
A 
A 
e 
e 
e 
e 
e 
A 
e 
A 
e 
e 
A 
e 
b 
a 
12 
58 
60 
62 
e 63 
63 
28 
30 
1 2  
28 
26 
Cd 
CUCl2  
A 
Cd A 
D 
33 
34 
6 
26 
29 
C 
d 
86 
9 1  
1.0 
35 
36 
16  
Adsorbed Q2 
Fe 
E - Ev Re fe ren ce VPe* Note* 
.a25 
0 1 h  
a 18 
.8 
. 8  
25 
25 
23 
9 
37 
h 
A 
e 
e 
IS 
'Cd Group I a 
1.0 
1.0 
1 , o  
1.0 
1.1 
6 
32 
23 
7 
10 
h 
h 
h 
h I 1  
11  34 1.3  h 
* e - e lec t ron  t r a p  
h - hole t r a p  
D - donor 
A - acceptor 
VCd - Cd vacancy 
Vs - S vacaslcy 
Is - 8 i n t e r s t i t i a l  
a - i n  s p e c i a l  samples 
b - doubly ionized 
c - cannot be f i l l e d  f w  T <  18O:K 
d - cannot be f i l l e d  f o r  T <  210 K 
13 
Fig. II - 3, Temperature dependence of  edge 
emission in cadmium sulfide. From Kulp, et. al.(24). 
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of t h e  energy l e v e l  i s  s m a l l ,  and t he  energy may be considered constant i n  
the  first approximation. 
A question which a r i s e s  i s :  What are t h e  natures  of t h e  various 
energy l e v e l s  within t h e  forbidden band? 
advisable t o  divide t h e  s t a t e s  i n t o  the two categories  of t r aps  and recom- 
b ina t ion  centers ,  as i s  normally done by Rose 
c l a s s i f i e d  as a recombination center  i f ,  on t h e  average, c a r r i e r s  captured 
the re  have a higher p robab i l i t y  of  recombining than being re-excited.  
center  is a t r a p  i f  the  re-exci-bation p robab i l i t y  i s  g r e a t e r .  
t hese  terms a r e  meant t o  be appl ied t o  room temperature semiconductors and 
in su la to r s .  It may be seen t h a t  e i t h e r  term i s  vague a t  low temperatures. 
For c e r t a i n  s i t e s ,  t h e  p robab i l i t y  t h a t  a captured c a r r i e r  w i l l  e i t h e r  
recombine o r  be re-excited from t h e  center  within some "reasonable" amount 
of t iqe,  approaches zero,  $ha$ is ,  there is  very l i t t l e  thermal energy at 
low temperatures,  and the re fo re  t h e  p r o b a b i l i t i e s  of  both recombination and 
re-exci ta t ion a r e  g r e a t l y  reduced. 
be ca l l ed  a t r a p  if it tends t o  capture and hold a c a r r i e r  f o r  a t i m e  which 
i s  long, compared t o  t h e  time it spends i n  t h e  conduction band. 
A t  first glance,  it might seem 
8 and o thers .  A cen ter  i s  
A 
Bo'eh of 
For t he  present  purposes, a s i t e  w i l l  
I n  semiconductors and in su la to r s ,  t r a p s  and recombination centers  
a re  the r e s u l t s  of t h e  presence of l a t t i c e  imperfections,  o r  departures from 
t he  per fec t  l a t t i c e .  There a re  many types of imperfections;  two of  t he  more 
common ones a r e  c r y s t a l  s t r u c t u r e  defects  and foreign atom impur i t ies .  
The presence of f r e e  c a r r i e r s  and thermal motion may a l s o  be considered as 
imperfections,  but t hese  two defects  do not cont r ibu te  permanent, d i sc re t e  
l e v e l s  i n  t h e  forbidden band. 
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A l l  c r y s t a l s  have de fec t s ;  t h e  surface i s  i t s e l f  a departure from 
per fec t  c r y s t a l l i n e  s t ruc tu re .  Other imperfections may involve a whole 
plane of atoms, as i n  t h e  case of edge and screw d i s loca t ions ,  or may only 
involve d i sc re t e  atoms or ions i n  such imperfections as Schottky defec ts ,  
Frenkel de fec t s ,  vacancies,  and i n t e r s t i t i a l s .  Since a c r y s t a l  without any 
non-surface defec ts  cannot e x i s t ,  t he re  w i l l  always be energy l e v e l s  i n  t h e  
forbidden band, 
forbidden band is  covered i n  most s o l i d  s t a t e  physics t e x t s ;  f o r  example, 
see chapter 3 of  Wang38.) Whether t he  number of various imperfections i s  
la rge  enough t o  a f f e c t  t h e  propert ies  of  t h e  c r y s t a l  depends on many f a c t o r s ,  
p r inc ipa l ly  t h e  d e t a i l s  of t h e  preparat ion of t h e  c r y s t a l .  
(The explanation of how a defect  generates a l e v e l  i n  the  
I n  genera l ,  i n  CdS the re  a re  always a s u f f i c i e n t  number of  defects  
present t o  contr ibute  energy l e v e l s  wi th ie  t h e  forbidden band. I n  t h e  
l i t e r a t u r e ,  d i s loca t ion  defec ts  a r e  r a r e l y  mentioned; energy l e v e l s  i n  
cadmium s u l f i d e  a r e  usual ly  a t t r i bu ted  t o  point  defects  or t o  s eve ra l  
defects  c lus t e red  a t  some point  i Q  t h e  l a t t i c e  ( s e  Bube and MacDonald, 
r e f .  39) Likewise, nominally pure CdS samples tend  t o  have amounts of 
impuri t ies  with concentrations of severa l  p a r t s  p e r  mi l l ion ,  
of t he  dens i ty  of impurity atoms i n  CdS i s  given i n  t a b l e  11-2, reproduced 
from Kulp e 
which w a s  sodium doped., Here it i s  seen t h a t  any given sample of  CdS i s  
l i k e l y  t o  have a l a rge  densi ty  of impur i t ies .  Certain impuri t ies  i n  CdS do 
not seem t o  produce l e v e l s  i n  t h e  forbidden band; carbon i s  an example. 
An example 
9 The samples were a l l  nominally pure except for number 4, 
Cadmium su l f ide  c r y s t a l s  tend t o  be non-stoichiometric i n  e i t h e r  
6 di rec t ion .  According t o  Bube , anion ( s u l f u r )  vacancies a c t  as donors, 
and cat ion (cadmium) vacancies a c t  as acceptors e Sens i t ive  mater ia l s  
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Table 11-2, Impurity concentrations i n  th ree  nominally pure samples of 
CdS and one sample of CdS:Na. Concentrations are i n  ppm. From Kulp . 9 
Element C dS cas cds C d S  : N a  Detection 
Sample #1 s w p l e  #2 Sanple #3 $ample #4 L i m i t s  
L i  70 3.4 19 40 0 , 3  
C 27 36 30 110 1 . 0  
N 20 5 5 300 2.0 
0 ND ND ND ND 200 
N a  460 45 5 70 k200 0.5 
c1 ND 17  ND ND 3.0 
K 50 1 . 4  63 12  0 . 3  
C a  3.8 1 . 3  0.25 0.5 0 . 6  
S i  4.5 ND ND ND l . 0  
N i  12  ND ND 3.0 1 . 0  
I n  ND ND ND 10  0.6 
Mg BD 2.5 2 HD 0.3 
cootain compensated ca t ion  vacancies (vacancies containing one o r  two 
captured e l e c t r o n s ) .  
a r i s e  due t o  t h e  per turba t ion  of t h e  four s u l f u r  atoms surrounding the  
vacaslt cadmium s i t e .  It i s  possible  t h a t  fo r  mater ia l s  with moderate 
doping concentrat ions,  na t ive  defects  sQpply t h e  major por t ion  of t he  
s e n s i t i z a t i o n .  
€lube1' and others be l ieve  tha t  the; acceptar si tes 
It i s  f a i r l y  easy t o  adjus t  hhe stoichiometry of  CdS c r y s t a l s .  
has found that excess Cd may be achieved by hea t ing  i n  a vacuum 
t o  temperatures up t o  700aC. 
h i s  c r y s t a l s  for 24 hours a t  539 C under equilibrium cadmium vapor pressure.  
To remove excess cadmiuq, C01bow~~ anealed 
0 
Although t h e  acceptor s i tes  tend  t o  be common t o  most CdS c r y s t a l s ,  
donor si tes depend f o r  the  most pa r t  on dopin$. Energy l e v e l s  due t o  
various dopants have already been l i s t e d  i n  t a b l e  11-1, 
t h a t  a grea t  dea l  of speculat ion i s  involved i n  ass ignisg  energy l e v e l s  t o  
It must be remembered 
various imperfections.  Even t h e  l e v e l  due t o  s i l v e r ,  claimed by Lambe 738 
t o  be around 0.4 e V ,  i s  s t i l l  dispu-ted. 
of about 0 .4  eV a r e  fundamentally c h a r a c t e r i s t i c  o f  t h e  CdS c r y s t a l .  
f a c t ,  t h e r e  appears t o  be a quasi-continuum of  l e v e l s  i n  t h e  range between 
0 .1  and 0.8 eV which may be c h a r a c t e r i s t i c  of  a l l  CdS [see r e f .  421. The 
only general  agreement i p  t h a t  cadmium vacancies generate  hole t r a p s  about 
one electron-vol t  above t h e  valence band, and columns XI1 and VEL impuri t ies  
generate donor leyels about 0.03  eV below t h e  conduction band. 
Bybe'' claims t h a t  t r a p s  w i t h  depth 
I n  
Other impuriky e f f e c t s  i n  Cd$ involve various substances adsorbed 
on t h e  surface, ,  p r imia r i ly  o;xygen and watea vapm.  
i r r a d i t e d  i n  an oxygen atmosphere, many observers 33'43044 f ind  t h a t  t h e  
e l e c t r o s  l i f e t i m e  i s  reduced by a f ac to r  af .three t o  seven, depending on 
the  temperature. 
r e s to re s  t h e  l ifetime t o  t h e  o r i g i n a l  value.  These changes a r e  a t t r i b u t e d  
t o  t h e  photo-adsorption of oxygen, It i s  thought t h a t  t h e  o q g e n  d i f fuses  
i n t o  sulfur vacancies and thereby destroys t h e  s e n s i t i v i t y .  
When Che c r y s t a l s  a r e  
Subsequent heaking t o  22OoC i n  a helium atmosphere 
C.  Sens i t i za t ion  
The main reason t h a t  cadmium su l f ide  i s  a s e n s i t i v e  photodetector 
i s  t h a t  it may be sens i t ized  by impurity incorporat ion,  
s e n s i t i z a t i o n  i s  discussed f u l l y  by RoseL3 snd involves t h e  compensated 
The mechanism o f  
cadmium vacancies discussed e a r l i e r .  F i r s t ,  assume t h e r e  e x i s t s  a c r y s t a l  
with e l ec t ron  t r a p s  a t  t h e  l e v e l  E , as shown i n  f igu re  IL-ka ,  The si tes a 
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Fig. I I  - 4. S e e  text. 
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a re  assumed t o  be p a r t i a l l y  f i l l e d  with e lec t rons .  N e x t ,  l e t  a nwber  o f  
compensated cadmium vacancies be introduced. Each vacancy i s  assumed t o  
have two captured e l ec t rons ,  and thus  has a dQuble neeat ive charge, due t o  
t h e  absence of t h e  Cd** i on ,  
valence band as shown i n  f igu re  11-kb. 
s t a t e ,  assume some ban,dgap l i g h t  i s  scpplied. The l i g h t  ta,kes e lec t rons  
fram t h e  valence band t o  t h e  conductian band, and normally the  e l ec t ron  
would soon s u f f e r  recambipation a% ane of t h e  s i t e s  i n  t h e  forbidden band. 
T h i s  i s  not t h e  case i n  properly prepared CdS, however, due t o  t h e  nature  
of t he  cadmium vacancies (which w i l l  be c a l l e 4  quenching s i t e s  for reasons 
which w i l l  be made c l e a r  l a t e r ) .  
The r e su l t i ng  l e v e l  i s  loca ted  E above t h e  
With t h e  energy leveJ,s i n  t h i s  
The quenching s i tes ,  s ince  they have 
cap$ured two e lec txans ,  have a y e r y  l a rge  cagture c ross  sec t ion  f o r  holes 
and a small capture cross  sec t ion  f o r  eaectrons.  The hole created by t h e  
l i g h t  i s  immediately captured at a quanching s i t e ,  reducing the  charge at 
t h e  s i t e  t 9  -1. The e l ec t ron  formerly i n  t h e  quenching s i t e  i s  now loca ted  
i n  t h e  valence band, while t h e  e l ec t ron  formerly i n  t h e  valence band i s  
located i n  t h e  aondyction band. Since t h e  quenching s i te  s t i l l  has a 
negative charge, t h e  capture  c ross  sec t ion  t h e r e  for  e lec t rons  i s  s t i l l  
qui te  small, and t h e  f r e e  e l ec t ron  tends t o  be captured a t  t h e  ac t iva t ion  
s i te .  
e f f e c t  QT t he  l i g h t  i s  to i r r eve r sab ly  transfer e lec t rons  from t h e  quenching 
This s i t u a t i o n  is  presented i n  f igure 11-bc. Mote t h a t  t h e  ne t  
l e v e l  t o  t h e  a c t i v a t o r  l e v e l ,  
It i s  fu r the r  evident t h a t  $he presence of  t h e  conduction and 
valence bands i s  not required.  I f  1igh.t with s u f f i c i e n t  energy i s  appl ied,  
it would be expected t h a t  some electyoas are t r a n s f e r r e d  d i r e c t l y  between 
t h e  two l e v e l s ,  if t h e  impurity s i t e s  are loca ted  phys ica l ly  c lose t o  each 
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other ,  For s i t e s  loca ted  f a r t h e r  apa r t ,  one or both of t h e  bands would be 
necessary t o  provide t h e  e lec t rons  and holes with a means of t r a v e l  between 
s i t e s .  
The model presented abave i s  thpughk t o  be t h e  cor rec t  model f o r  
s ens i t i zed  CdS. The ao t iva to r  element, such as Ag i n  CdS:Ag, provides one 
o r  more e lec t ron  t r a p s  located czose t o  t h e  conduction band. Even without 
i n t en t iona l  doping, there a re  always a number of t rapping l eve l s .  
It i s  i n t e r e s t i n g  t o  consider a spec ia l  case i n  which B 32 N * 4 a' 
i .e. , t he re  a re  more quenching l eve l s  than a c t i v a t o r  l eve l s .  Here , it i s  
expected t h a t  all holes arb immediately trapped, and t h e  e lec t rons  begin 
f i l l i n g  t h e  electrOn t r a p s ,  f i l l i n g  the deepest ones f irst .  Soon, however, 
all t h e  e lec t ron  t r aps  become f i l l e d ,  and t h e r e  remain no other  places  f o r  
t h e  other  e lec t rons  except t he  conducticm band. Assuming no recornbinatioa 
takes  place,  qu i te  a la rge  densi ty  of e lec t rons  can be s to red  i n  t h e  
conduction band. Fina l ly ,  however, a l l  t h e  hole t r a p s  a l so  become f i l l e d ,  
and any subsequently generated holes then remain f r s e  f o r  recombination. 
I f  one were t o  represent t h i s  procedure i n  a p l o t  o f  conductivity vs 
in tegra ted  photon flux, t h e  curve of f igure  TI-7 would be t h e  expected 
approximate r e s u l t .  
The f i r s t  por t iop  of f igure  11-5 rsppesents t h e  time during which 
both hole  and a lec t ron  t r a p s  are f i l l i n g .  No appreciable increase i n  t h e  
1' n w b e r  of free e lec t rons  i s  expected here.  Wen t h e  time reaches t 
however, t h e  e lec t ron  t r a p s  w i l l  a l l  be f i l l e d ,  and thus t h e  e lec t rons  
produced af'ter t = t must remain i n  t h e  conduction band. A t  t h e  same 
time, t h e  holes a re  s t i l l  proceeding t o  t h e  hale  t r a p s .  F ina l ly ,  t h e  h d e  
1 
t r a p s  begin t o  sa tu ra t e  at t = t2, and any electron-hole pa i r s  generated are 
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Cons t apt 
l i g h t  
then ava i lab le  f o r  recombinpkion halking the  incraas iqg  conduativity . 
Tn t h e  preceding discussian,  recombination i n  the  e a r l y  s tages  
has been ignored. It can e a s i l y  be shown t h a t  i f  a l l  of  t h e  acCivation 
centers  w e  i n i t i a l l y  empty, and an e lec t ron  is then exc i ted  t o  one, that, 
e lec t ron  w i l l  have a very small. p robab i l i t y  o f  escape i f  t h e  temperature 
i s  low enough. I n  f a c t ,  .this s p e c i f i c  f'ea$ure i s  t h e  bas i s  of t h e  
therma1l.y s t imulated concluctivity technique, which i s  discussed l a t e r .  
Therefore,  it i s  f e l t  t h a t  a recombination-free model, i s  ac tua l ly  qu i t e  
accurate .  
The e f f e c t  diacuqsed above has been ap t ly  termed "storage",  and 
s torage e f f e c t s  have bean reported by many workers 7,9,11,45,46, M o s t  
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experimenters make observations af'ter t h e  a c t i v a t o r  t r a p s  have been 
sa tura ted ,  so  t h a t  t h e  only evidence of 'che s torage phenomenon i s  a 
pe r s i s t en t  photocurrent at low temperatures. Lambe7, f o r  example observed 
the  photoconductivity and lwinescence  curves reproduced i n  f igu re  11-6. 
A t  a temperature of 7T0K, t h e  photoconductivity i n  CdS:Ag i s  seen t o  have 
a rap id ly  decaying compwent and a, per s i s t en t  component. The i n i t i a l  decay 
i s  accompained by orange emission, whioh i s  attr ibut;ed t o  t h e  recombination 
of f ree  holes  with t rapped e l ec t rons ,  Electron .traps are kept f i l l e d  a t  
the  expense of t h e  f r ee  e l ec t ron  dens i ty ,  causing t h e  photoconductivity t o  
drop. Both t h e  decay and t h e  luminescence agase when t h e  supply o f  f r e e  holes 
i s  exhausted, 
45 I n  CdS films a t  4,20K3 Eastman and Brqdie observed p e r s i s t e n t  
photocurrents whose magnitudes depended d i r e c t l y  cm t h e  per iod of i l luminat ion 
over a s u i t a b l e  range of  time. The h a l f - l i f e  of the s torage current  w a s  
0 1 2 3 4 5 6 time, ms 
7 Fig.  11-6. Photoconductivity and luminescence i n  CdS:Ag. From Lwbe . 
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reported as 120 hours , and t h e  e f f ec t ive  wavelength w a s  anywhere i n  t h e  
range 4500 A < A c 6500 A .  
were noted, expect t h e  half l i f e  dropped t o  24 hours. 
0 0 
A t  l i q u i d  ni t rogen temperature,  t h e  same e f f e c t s  
Kronenberg and Accardo’l measured both t h e  phQtodie lec t r ic  e f f e c t  
and the photoconductivity i n  CdS at 77OKY and discovered t h a t  s torage e f f e c t s  
were only noted I n  those  c r y s t a l s  which showed an apparent change i n  d i e l e c t r i c  
constant at the  low temperaCure. 
e lec t rons ,  but d id  not analyze t h e  problem i n  d e t a i l .  
They a t$r ibuted  both effects t o  trapped 
9 Kulp observed t h e  same e f f e c t s ,  a,nd more. H i s  p lo t  of t h e  
i n i t i a l  rise of t h e  s torage current  a t  77 K i s  reproduced here a8 f igure  11-7+ 0 
10- 
n 
h 
k 
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Fig. 11-7. Excitat ion character-  
i s t i c s  of a t y p i c a l  sample of CdS. 
From Kulp‘ a 
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A comparison of f igure  X I - ?  and f igure  11-5 shows t h a t  t o  t h e  first 
approximation, Kulp's c r y s t a l  f i t s  t h e  model discussed e a r l i e r .  For t h e  
lower Light i n t e n s i t i e s ,  a cansiderable delay was experienced before any 
current a t  a l l  could be observed. When a current  did come i n t o  view, 
however, the  r i s e  was very rap id ,  and ie each case,  t h e  current f i n a l l y  
saturated.  
the  temperature; f o r  temperatures below about 2OO0K, the re  was n9 decay, 
while f o r  gradually increasing temperatures, the  decay t i m e  dropped sharply,  
Later ,  it i s  seen t h a t  t h e  spec i f i c  CdS:Al c rys t a l s  analyzed i n  t h i s  thesis 
behave near ly  i d e n t i c a l l y  t o  those used by KuZp, 
It w a s  fur-bher no-bta t4at  t h e  decay of t h e  current depended on 
D. 
The simple model presented i n  t h e  previous sectiOn contains only 
enough fea tures  t o  explain a few experimental r e s u l t s ,  such as long l i f e -  
times and high s e n s i t i v i t y .  There a re  other  phenomena occurring i n  CdS 
which must also be explained, and the  model for these  new e f f e c t s  must at 
l e a s t  be consis tent  with the  previous model, 
1, Storage Effect 
Many experimenters have observed t h e  decay of t h e  pe r s i s t en t  
photoconductiviqy at variqus Cemperatures. I n  genera l ,  t h e  current begins 
t o  decay rqpidly is t h e  v i c i n i t y  02 200°K, being e s s e n t i a l l y  f ixed at lower 
temperatures. Thermal quenching of t h e  pe r s i s t en t  photocurrent should be 
distinguished from thermal quenching of photo-sensi t ivi ty ,  which normally 
occurs near hOO°K i n  CdS.  The laCter  e f f ec t  i s  no doubt due t a  t h e  rap id  
thermal exc i t a t ion  of holes  from the quenching l e v e l s ,  leaving them avai lable  
f o r  rap id  recombination. Bube has reported t h a t  i n f r a red  quenching, which 34 
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depends on t h e  presence of trapped hole@, drops sharply at temperatures above 
400°K. 
Although pers i s ten% photoconduotivity quenching i s  reported by 
many, t h e r e  appears t o  be no consis tent  way t o  explain t h e  drop i n  current 
near 200°K i f  t h e  holes s t i l l  remain securely t rapped up t o  4OO0K. It has 
been assumed t h a t  any free holes are rap id ly  used up i n  e i t h e r  t h e  t rapping 
or recombination process. Free holes are always being generated at any 
f i n i t e  temperatures,  but t h e  nurmber of thermally generated boles  would not 
increase rap id ly  r e l a t i v e  t o  t h e  number of  free e lec t rons  i n  t h e  v i c i n i t y  
of 200°K. 
One so lu t ion  t o  t h e  preceding problem may be found i n  t h e  work 
of Bube, e t .  a1.33, and Woods an# NicholasP9. 
Bube noted t h e  gresence of a 0.72 e V  e l ec t ron  t r a p  which cannot be f i l l e d  
at temperatures below 180%. 
t r a p  which can always be f i l l e d ,  and at temperatures above 180°K has a 
capture cross sec t ion  of about 10  cm . The densi ty  of  t h e  t r a p s  
appeared t o  be a constant ,  unaffected by any combina-kion of hea t ing ,  
ambient atmosphere, o r  i l lumina t ion ,  
Using CdS and CdS-CdSe, 
It always appears toge ther  with a 0.43 e V  
-14 2 
Woods and Nicholas observed a t r a p  at 0.83 e V  which could not be 
f i l l e d  at temperatures below 210°K. 
at  0.41 eV which could always be f i l l e d ,  and i t s  capture cross sec t ion  w a s  
a l s o  about 
T t  was always associated with a t r a p  
om2,' They s lso noted, however, t h a t  t he  u n f i l l a b l e  t r a p  
w a s  always found ia  both Cd-rich and S-rich c r y s t a l s ,  and could be created 
or destroyed, apparently rever t ing  t o  a 0.25 eV %rap,  followin$ c e r t a i n  
combinations of heat ing and in tense  i l luminat ion.  The in t e rp re t a t ion  of t h e  
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0.83 eV t r a p  was t h a t  it i s  not a normal t r a p ,  but r a the r  a complex imperfection 
which d issoc ia tes  when the trapped e lec t ron  i s  thermally f reed ,  and must be 
recreated by photoexcitation through a photochemical process. 
Bube's c rys t a l s  did not exhib i t  Ohe same behavior, and he argues 
i n  favor of a noma1 t r a p  surrounded by a Coulomb repluslve b a r r i e r ,  ex- 
tending above t h e  conduction band (see  r e f .  47).  
capture cross  sec t ion  drops t o  such a low value t h a t  f i l l i n g  i s  no longer 
possible .  It i s  evident t h a t  although t h e  details of t h e  capture process 
are s t i l l  not c l e a r ,  t he re  i s  widespread agreement t h a t  such a t r a p  e x i s t s  
i n  t h e  general  case. It may possibly be r e l a t e d  to t h e  sens i t i z ing  centers  
themselves, which have a small capture cross sec t ion  f o r  e lec t rons  a t  low 
temperatures, but are able t o  hold one or two e lec t rons  at room temperatures. 
A t  low temQeratures, t h e  
0 
The decay o f t h e  pe r s i s t en t  current  near 200 K may now be explained, 
using the  repuls ive t r a p s .  
exc i t a t ion ,  t he  0.72 eV t r a p s  s t i l l  remain empty, 
causes $he capture cross sec t ion  of t h a t  t r a p  t o  grow u n t i l  t h e  f r ee  e lec t rons  
begin t o  fall i n t o  the  deep t r a p s ,  causing t h e  current t o  drop. If t h e  
0.72 eV t r a p s  a re  r e l a t e d  t o  the  deep hole t r a p s ,  t h i s  heating would open a 
broad avenue t o  recombination, e f f ec t ive ly  r e s e t t i n g  t h e  c r y s t a l  f o r  t h e  
next exc i t a t ion  period, 
t h e  previously mentioned f ac t  that, thermal quenching of photosens i t iv i ty  
tends t o  occur near 400°K, but an exci ted c r y s t a l  cap be r e se t  by a shor t  
period of warming t o  room temperature, Also ,  t h e  repuls ive t r a p s  can be 
created and destroyed i n  exac t ly  t h e  same manner as deep hole t r a p s ,  namely 
by t h e  addi t ion or removal of excess C d .  
After  t h e  current  i s  generated by low temperature 
Heating t o  about 200°K 
Evidence i n  favor of t h e  last  proposi t ion includes 
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Several  i nves t iga to r s  9’32’47 have discussed t h e  presence of 
exc i ted  states of various t rapping l e v e l s .  
presence of a d i s t r i b u t i o n  of t rapping l e v e l s  from 0.7 t o  0 .1  eV, Dussel and 
For example, i D  explaining t h e  
tend  t o  favor  t h e  s i t u a t i o n  i n  which an e l ec t ron  may be captured 
by an exc i ted  s t a t e  of a t r a p ,  and then gradual ly  decay t o  t h e  ground s t a t e  
though t h e  emission of  s eve ra l  phonons. 
i f  t h e  e l ec t ron  i s  able  to give o f f  t h e  phanons before being thermally re- 
exc i ted ;  at low temperatures i n  C d S ,  it i s  c l e a r  t h a t  t h e  decay i s  a ce r t a in ty .  
The decay process can t ake  place 
2,  Inf ra red  Quenching 
In f r a red  quenching e f f e c t s  must a l s o  f i t  comfortably i n t Q  t h e  
model for  s e n s i t i v e  CdS. The va r i e ty  of i n f r a red  e f f e c t s  i s  t oo  extensive 
t o  allow complete coverage here.  
( r e f  33,34) t h e  exc i t a t ion  and warming h i s t o r y  of t h e  sample ( r e f  9 > ,  and 
of course, on t h e  doping and wavelength. The bes t  descr ipt ions of  i n f r a red  
quenching i n  s e n s i t i v e  CdS a r e  found i n  t he  works of Lambe 7’32’lr8.  His p lo t  
of t h e  response of CdS:Ag t o  in f r a red  l i g h t  at 77OK I s  given i n  f igu re  11-8, 
toge ther  with t h e  simple energy model. The condi t ions under which t h e  curves 
were obtained requi re  f irst  t h a t  t h e  c r y s t a l  be i l luminated lang enough t o  
c rea te  a p r e s i s t e n t  photoconductivity. No in f r a red  response i s  observed 
unless t h i s  i s  f i r s t  done. 
The e f f e c t s  depend on t h e  temperature 
Next if l i g h t  with X 2 3p i s  appl ied,  a d e f i n i t e  enhancement of 
current i s  observed as long as t h e  l i g h t  i s  lef’t on, and i s  shown i n  t h e  
f igure.  6 p  produces these  results, but 
t he  e f f ec t  i s  g rea t e s t  near  3p. Mote t h a t  t h e  3p l i g h t  adds nothing t o  t h e  
pe r s i s t en t  photoconductivity.  If 11.1 l i g h t  i s  then appl ied ,  a slow but com- 
p l e t e  quenching of t h e  p e r s i s t e n t  photoconductivity takes  pllace. 
Actually,  any l i g h t  with 2p < A <  
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Fig,  11-8a. 
on photoconductivity of CdS:Ag @-b 77 K. 
Comparison o f  t h e  actio: of 3p irradiaCion and lp i r r a d i a t i o n  
From Lambs and Klick32, 
Time,  minutes 
Fig. IT-ab. Simple energy model t o  describe infrared quenching i n  CaS :Ag. 
e lec t ron  t r a p s  3p 
h o b  %raps T 
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Referring t o  t h e  energy model, t h e  preceding results are e a s i l y  
explained, The bandgap l i g h t  t r a n s f e r s  e lec t rons  from t h e  quenching s i t e s  
t o  t h e  a c t i v a t o r  si tes,  as w a s  discussed earlier. Assuming t h e r e  a re  more 
quenching s i t e s  than a c t i v a t a r  s i t e s ,  some exceE;$ e lec t rons  are l e f t  i n  
t h e  conduction band, giving rise t o  t h e  p e r s i s t e n t  photoconductivity. 
3~ l i g h t  i s  appl ied,  it i s  energe t ic  enough t o  exc i t e  e lec t rons  from t h e  
ac t iva to r  s i t e s  t o  the conduction band, and these  e lec t rons  a re  quickly 
When 
retrapped when t h e  l i g h t  i s  rkmoved. The Iv l i g h t ,  however, has s u f f i c i e n t  
energy t o  exc i t e  holes from the  quenching si tes t o  t h e  valence band, Free 
holes then combine with t h e  t rapped e l ec t rons ,  producing a burs t  of orange 
luminescence. 
of t he  e l ec t rons  which recombined, and thus  the  pers i s ten% photoconductivity 
i s  quenched. This quenching by l v  l i g h t  leads  t o  t h e  p rac t i ce  of c a l l i n g  
the  hole t r a p s  "quenching centers".  
Free e l ec t rons  then drop i n t o  t h e  t r a p s  t o  take  t h e  place 
Some care  must be used i n  se l ec t ing  t h e  temperciture and wavelength 
6 for i n f r a r e d  quenching experiments. Bube shows t h a t  some wwelengths have 
both exc i t a t ion  and quenching e f f ec t s ,  y i e ld ing  a decreased net  r e s u l t .  H e  
a l$o shows t h a t  another lower band of quenching wavelengths develops near 
room temperature. 
able  t o  de tec t  any at 4,2'K, ind ica t ing  t h a t  t hese  t r a n s i t i o n s  are t o  
exc i ted  states of t he  center  from which thermal energy f rees  t h e  e lec t ron .  
Although Lambe3' Qbserved quenching at 77'K, he vas not 
3. Tap Effect  
Another e f f e c t  associated with t h e  f ree ing  of trapped holes i s  
the  so-called ' 'tap e f f ec t " ,  reported by Kulp', and summarized by Halsted 
i n  reference 1 4 .  When some CdS c r y s t a l s  are cooled i n  the  dark and then 
o p t i c a l l y  exc i ted ,  a f l a s h  of green luminescence may be produced by tapping 
t h e  c r y s t a l  with a hard objec t .  The luminescence i s  accompained by an 
i r r eve r sab le  decrease i n  t h e  p e r s i s t e n t  photoconductivity.  Although t a p  
c rys t a l s  are a l so  s torage c rys t a l s  ( i . e ,  c rya ta l s  which may'  have pe r s i s t en t  
photoconductivity),  t h e  opposite does not seem t o  be t r u e .  The doping 
requirements f o r  producing a t a p  c r y s t a l  are not w e l l  defined, but it i s  
apparently desirable  t o  t a p  t h e  crys$al  p a r a l l e l  t o  t h e  c-axis. The most 
popular explanation of t h e  e f f e c t  i s  t h a t  t h e  meahanical s t imulat ion 
somehow produces free holes , which then quench t h e  photocurrent and give 
r i s e  t o  luminescence by recombining with trapped e lec t rons .  
4. The Absorption E d g e  
Many parameters and e f f ec t s  i n  CdS depend on t h e  wavelength of 
r
t he  appl ied l i g h t ,  Except f o r  i n f r a red  quenching, which has already been 
discussed, t h e  wavelength-dependent p a r w e t e r s  of major concern here a re  
t h e  absorption coe f f i c i en t  and t h e  photoconductive response. Many exper- 
imenters have observed t h a t  although t h e  bandgap energy. of CdS corresponds 
t o  a waveleng-bh of about 4900 A ,  and absorption reaches a peak near  t h a t  
yavelength, t he  photoconductivity response ha$ a maximum close t o  5150 A 
(normally r e fe r r ed  t o  as t h e  absorption edge) 
the  f ac t  t h a t  t h e  sho r t e r  wavelength l i g h t  i s  absorbed mainly at the  surface,  
0 
0 
The explanation l i e s  i n  
while t h e  longer wavelength l i g h t  i s  absorbed i n  t h e  bulk. Thus, although 
pa r t  of t h e  5150 A l i g h t  passes through the  c r y s t a l  without being absorbed, 
0 
t he re  are o ther  fac tors  which reduce the  e f f e c t s  of rad ia t ion  absorbed at 
the  surface.  Due t o  the  l a rge  number of imperfections at the  surface of a 
c r y s t a l ,  t h e  photoresponse can be l i m i t e d  by a lower l i f e t ime  o r  lower 
mobili ty i n  t h i s  region. Both 7 Lambe and L1 Bub e conpidered t h i s  phenomenon 
and concluded t h a t  t h e  photoresponse due t o  surface exc i t a t ion  w a s  hindered 
by t h e  lower l i f e t ime  brought about by t h e  e x t r a  number of reaombination 
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s t a t e s  near the  surface.  
i s  s t i l l  a puzzle,  and the  corresponding dependence of t h e  photodie lec t r ic  
e f f e c t  i n  CdS on wavelength cannQt be predicted.  I n  f a c t ,  data  obtained i n  
low temperature experiments such as t h e  photodie lec t r ic  experiment may lead  
t o  a b e t t e r  qnderstanding of t h e  nature  of t h e  surface states, 
Unfortunately, t h e  nature  of t h e  surface states 
5. E l e c t r i c  F ie ld  Effects  
Previous discussions have pointed out t h a t  there are  ways t o  empty 
e lec t ron  t r a p s  at low temperature by freeing trapped holes ,  e i t h e r  
op t i ca l ly  a r  mechanically. There i s  some evidence t h a t  t h e  same result may 
be achieved 'by applying a su i t ab le  e l e c t r i c  field. Dussel and have 
analyzed t h e  various mechanisms by which an appl ied f i e l d  can a f f ec t  t h e  
t rapping process i n  CdS. They concluded t h a t  Coulomb a t t r a c t i v e  t r a p s  cttn 
be f i e l d  emptied through a decrease i n  t h e  depkh and capture cros6 sec t ion  
of t h e  t r a p .  
of 1.9kT i n  t h e  barrier he ight ,  and t h e  combined e f f e c t s  of the  reduced bar- 
r i e r  height and reduced capture cross sec t ion  produced a s h i r t  o f  0.055 e V  
i n  t h e  e l ec t ron  quasi-Fermi l e v e l ,  
t ha t  both high a-c and d-c f ie lds  acce lera te  the  de-excitation of ZnS 
and ZnCdS phosphors at room temperatyre. E l e c t r i c  f i e l d  e f f e c t s ,  taken 
toge ther  with o p t i c a l  or mechanical quenching, may cons t i t u t e  a method o f  
"reset t ing" a s torage c r y s t a l  at low temperatures. 
3 A t  7 7 O K ,  using a f i e l d  of 3x10 V/cm, they noted a decrease 
Kallman and Mark4' have denonstrated 
Chapter I11 
THE PHOTODIELECTRIC EFFECT 
The ChTge In  The Die l ec t r i c  Constant 
A change i n  t h e  d i e l e c t r i c  constant of cadmium su l f ide  may be t h e  
r e s u l t  of s eve ra l  d i f f e r e n t  changes i n  t h e  e l ec t ron  d i s t r i b u t i o n  within t h e  
c rys t a l .  The d i e l e c t r i c  constant may be ca lcu la ted  from first p r inc ip l e s  
if a few reasonqble simplifying assumptions are made. F i r s t ,  t h e  d i e l e c t r i c  
constant of a per fec t  c r y s t a l  i s  assumed t o  be independent of t h e  s t rength  
of t h e  appl ied f i e l d  but dependent on t h e  frequency. Second, t h e  appl ied 
f i e l d  i s  taken t o  be independent of t h e  space coordinates.  And t h i r d ,  
it i s  assumed t h a t  t h e  densi ty  of imperfections i n  t h e  c r y s t a l  i s  s o  low 
t h a t  t h e  d i e l e c t r i c  constant does not d i f f e r  from t h a t  of a per fec t  c r y s t a l .  
-A. 
In  a per fec t  d i e l e c t r i c ,  t h e  ne t  charge i s  zero,  so 
C q i = O  
i 
where t h e  qi a r e  t h e  elementary charges which make up the  c r y s t a l .  
e l e c t r i c  dipole  moment of one of  t hese  charges r e l a t i v e  t o  any given point  
The 
3. 
i s  q R where 1 i s  t h e  vector from t h e  pQint  t o  t h e  charge. The t o t a l  i i’ i 
moment of t h e  c r y s t a l  i s  
+ +. 
M = C qiRi 
i 
( 3-2 
Considering some o ther  po in t  displaced from t h e  o r i g i n a l  point  by t h e  
32 
33 
3 
vector  dis tance b ,  t h e  new moment i s  
= c qixi + b' c qi 
i i 
3 
Thus i f  equation (3-1) holds,  $'= 3, and M i s  independent of  t he  pos i t i on  of 
t he  point of reference.  
Next, assume t h a t  the  dipole moment vanishes when the  system i s  
3 
i n  i t s  lowest poss ib le  energy s t a t e .  
vector ,  then 
If RiQ i s  t h e  corresponding pos i t i on  
3 M' 0 = 0 = c qiRio 
i 
( 3-4 1 
I n  any o the r  energy s ta te ,  the  displacement of t h e  charge qi from i t s  
equilibrium pos i t i on  i s  denoted by ri and moment of  t h e  system i s  3 
3 3 3 
M = C gilli = C q.(Rio + "r.> 
i 1  1 
1. L 
(3-5) 
3 
= qiri 
i 
3 
This may vanish only when a l l  charges have the $&me r which i s  not t he  
general  case.  
i '  
If the  d i e l e c t r i c  sample has two p a r a l l e l  s ides  and t h e  appl ied 
e l e c t r i c  f i e l d  i s  normal t o  these  sides, then t h e  sur face  charge densi ty  
3 
induced by t h e  f i e l d  i s  f P, and t h e  moment i s  
3 3  3 
M = PAd = PV 
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where A i s  t h e  surface area &nd d i s  t h e  sample th ickness .  
s t a t i c  considera+,ions give t h e  wel l  know r e l a t i o n s ,  
But e l ec t ro -  
3 3 +  3 3 D = sOE + P = eoE -t E X E  o e  
3 
= & & E  o r  
3 
+ 1  1 = -  c q i r i  
mEo i 
(3-7)  
(3-11) 
It appears t h a t  t b e  r e l a t i v e  d i e l e c t r i c  constant depends an both t h e  
magnitude of t h e  appl ied f i e l d  and t h e  displacement o f  each charge. 
Relations between these  two quan t i t i e s  e x i s t ,  however, and they a r e  
determined next .  
The equation of  motion for a charged p a r t i c l e  i n  any type of force 
f i e l d  may be given by 
3 3 
where F i s  t h e  appl ied fo rce ,  m* i s  t h e  e f fqc t ive  mass, r is t h e  displace- 
ment of  t h e  p a r t i c l e  from equilibrium, T I s  a momentum re laxa t ion  t i m e ,  
and k i s  an e f f e c t i v e  spr ing constant.  Here t h e  f i rs t  term represents  t h e  
acce lera t ion  force ,  and t h e  second gives t h e  viscous damping force ,  and t h e  
35 
t h i r d  i s  t h e  e l a s t i c  binding force,  a l l  of which oppose t h e  dr iving fo rce ,  
If an a l t e rna t ing  e l e c t r i c  f i e l d  i n  t h e  x d i rec t ion  i s  taken t o  be t h e  
o r ig in  of  t h e  applied fo rce ,  we may rewri te  t h e  preceeding equations a$ 
1 d x  kx 3' e j w t  + - - + - =  d2x -
T at m" m" at 2 
( 3-13) 
where E'@'* i s  t h e  i n t e r n a l  f i e l d ,  which i s  assumed t o  be equal t o  the 
ex terna l  f i e ld .  Nozieres and Pines50151 have shown, with t h e  a i d  of 
quantum mechanics, t h a t  l o c a l  f i e l d  correct ions a re  not necessary i n  t h e  
ca lcu la t ion  of d i e l e c t r i c  constants i f  t h e  s o l i d  i s  highly polar izable .  
For a harmonic osc i lLa tor ,  t h e  resonant frequency w i s  given by 
0 
Levine 52 as w = W SO 
0 
The solu.tion of t h i s  equation, with t h e  t r a n s i e n t  behavior removed, i s  
U i 
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a 
This equation may be fu r the r  s impl i f ied .  hrst 
i s  taken on a per-unit-volume bas i s ,  so  t h e  V may be dropped. 
t h e  summation of  t h e  charges 
Second, we 
an t i c ipa t e  t h a t  only t h e  change i n  t h e  d i e l e c t r i c  constan$ due t o  the  
appl ica t ion  of l i g h t  w i l l  be of  i n t e r e s t ,  so  charges whose pos i t i on  vectors  
do not change when l i g h t  i s  appl ied we dropped from t h e  summation. This 
includes a l l  of t h e  ions and aL1 but a few of t h e  e l ec t rons .  The e lec t rons  
have t h e  same charge e 
a r e  taken outs ide t h e  sum. 
and t h e  same e f f e c t i v e  mass m y ,  so these  terms i 
Fina l ly ,  t h e  e lec t rons  which do remain i n  t h e  
sumation f a l l  i n t o  a s m a l l  number of c l a s ses  , such as free, t rapped i n  
deep t r a p s ,  t rapped i n  shallow t r a p s ,  and so  f o r t h ;  t hese  c lasses  a r e  
represented by a new index j ,  and t h e  change i n  i s  wr i t ten  
where An. represents  t h e  net change i n  t h e  dens i ty  of  e lec t rons  i n  t h e  
j - th  c l a s s .  
J 
Thus, $he r e l a t i v e  d i e l e c t r i c  constant may be represented by 
A s  = E + A E  
r r o  r ( 3-19 ) 
where As includes only those p a r t i c l e s  which, because of o p t i c a l  
exc i t a t ion ,  move fromone c l a s s  of  states t o  another.  The other  term, 
r 
E accounts fo r  a l l  o ther  p a r t i c l e s ,  and i s  a constant ,  
r 
r o  ’ 
It is  seen t h a t  A &  has r e a l  and imaginary p a r t s .  If Acr = A E ~  - jA&:  
then 
37 
c 7 
For a given state j t h e  two terms i n  brackets i n  equations (3-20) and (3-21) 
a re  c o n s t a t .  
going from one s t q t e  %o another,  while w i s  t h e  frequency o f  t h e  applied 
f i e l d  and i s  the re fo re  constant f o r  all j .  Also, it i s  seen t h a t  A & '  exh ib i t s  
a resonance f o r  w = w . The nexk requirement i s  t o  ca l cu la t e  w . 
It should be noted t h a t  i n  genera l ,  wo and T change i n  
r 
0 0 
The classical .  frequency of an o s c i l l a t o r  i s  
w = -  ( 3-22 0 
where k i s  t h e  spr ing  constant.  The r e s t o r i n g  force  on an o s c i l l a t o r  whose 
displacement i s  r i s  
F = k r  
and t h e  p o t e n t i a l  energy i s  
(3-23) 
Thus, t h e  t a t a l  energy of t h e  o s c i l l a t o r  must be 
where r i s  t h e  maximum outward eycursion, fo r  which t h e  k i n e t i c  energy 
i s  zero. 
max 
The a t t r a c t i v e  force between two opposite charges of mggnitude e 
and separa t ion  r i s  
e2 
0 r2 
_. 1 
4rrE 
F =  1 newtons 
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Here, the p o t e n t i a l  energy i s  
Solving f o r  r gives 
e 2  
7
1 
E 
0 
4316:' r =  ( 3-28) 
Subs t i t u t ing  equation (3-28)in-t~ equation (3-25) 
Cems of E, 
may be expressed i n  ' % 
= 1.70 x ( 3-30 
where E ( e V >  is  t h e  energy expressed i n  ekectron-volts. 
e l ec t ron  t r a p s  is  Qeasyred from t h e  conduction band. Thus as Long as 
w For an example, 
assume m%/m = 0.2,  and E = 0.4 eV, 
The energy of 
5x10' radians per second, w >>w for  E > 0.01 e V .  
0 
Then u: = $,4&1028, or w 3 2 . 3 3 ~ 1 0 ~ ~ .  
P 
The momentum re l axa t ion  time T f o r  bound e l ec t rons  depends on many 
th ings ,  and a p rec i se  aa l cu la t ion  i s  not poss ib le .  Factors a f f e c t i n g  t h e  
re laxa t ion  time a r e  t h e  presence of c r y s t a l  i ape r fec t ions  and thermal 
v ib ra t ions ,  However, i f  t h e  o r b i t  of t h e  e l ec t ron  i s  l a rge  enough t o  allow 
it t o  be influenced by many atoms, it may be argued t h a t  t h e  re laxa t ion  
time should be e s s e n t i a l l y  t h e  same as t h a t  of a free e lec t ron .  A very 
enlightening discussion of t h e  r e l axa t ion  process for  f r ee  e l ec t rons  i s  
given by Kitte153. The cor rec t  expression f o r  t h e  wmentum re laxa t ion  time 
39 
f o r  a f r e e  e l e c t r o p  i s  
T ~i m*p/e ( 3-31) 
-3 m2/v - s )  I f  p i s  taken %s 10 cm /volt-sec (10 
24 
2 where u i s  t h e  mobi l i ty .  
and m*/m 4 0.2, then T 7 
i s  neg l ig ib l e  cornglared t o  
c e r t a i n  eaaes,  equation ( 3-18) mar be s u b s t a n t i a l l y  s impl i f ied ,  
of lo-’’ for T representz a lower l i m i t  of T f o r  e l ec t rons  w i t h  l a rge  o r b i t s .  
This c h a r a c t e r i s t i c  t ine should lengthen as the Q r b i t  shr inks ,  due t o  a 
decrease i n  t h e  number of atoms within the  o r b i t .  
t h e  denominator of  equation (3-18) can probably be neglected f o r  a l l  cases.  
sec .  If w = F lo9 ,  then W / T  = 5x10 which 
u2 = 5 ~ $ 0 * ~  as oa lcu la ted  e a r l i e r .  Thus f o r  
0 
The value 
Thus, t h e  W / T  term i n  
AccQrding t o  equation t 3-20) t h e  real part of Aer i s  propor t iona l  
t o  u2 - m2, and it has been shown t h a t  when w 
binding energy of t h e  e l ec t ron  decreases. 
should be negative when t h e  bipding energy reaches zero.  
>> w, A & ’  increases  as t h e  
0 0 r 
We know, hQwever, t h a t  AE; 
The r e l a t i v e  
absolute value of A q E  i s  Rlot ted  vs the  biqding energy i n  f igu re  111-1 
using t h e  r ep resen ta t ive  values o$ parameters ca l cu la t ed  e a r l i e r ,  and 
four areas of i n t e r e s t  4re r ead i ly  apparent,  Far t h e  f irst ,  t h e  bracketed 
term i n  equation (3-20)  may be replace6 by (l/w l 2  and thus A&; r i s e s  as 
t h e  binding energy drops. 
reduced, s ince  O / T  > d ,  and 
Q 
For t h e  second region, As’ decreases as E i s  r 
40 
r 
Fig, 111 - 1. Dependence of 4 6 ;  on binding energy. 
1.0 0.1 0.01 
Binding energy, 
0,001 0.0001 
eV 
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.. 
I n  t h e  t h i r d  region, A E '  drops quickly t o  zero and then r i s e s  t o  a constant r 
negative value,  as ( w 2  - w 2 )  goes from a p o s i t i v e  quant i ty  t o  zero and 
then t o  a negative quant i ty .  
0 
The bracketed t e r n  i n  t h i s  region i s  
(3-33 1 r 
For t h e  f i n a l  region, w2 >> wo and AE' i s  negative.  
0 r 
e l ec t ron  t akes  on t h e  behavior of a free e l ec t ron ,  and AE'  becomes r 
Here, t h e  bound 
(3-34) 
I f  we choose t o  keep w i n  t h e  equation i n  s p i t e  of i t s  small s i z e  r e l a t i v e  
t o  l / . c ,  AE; i s  
But equation (3-35) i s  recognized as the  change i n  t h e  d i e l e c t r i c  constant 
brought about by exc i t i ng  e l ec t rons  from t h e  valence band t o  t h e  conduction 
band, as described by Arndt . 4 
Dif fe ren t i a t ion  of equation ( 3 - 2 0 )  shows t h a t  t h e  maximum o f  
A E '  occurs f o r  w2 = w2 + U / T #  
corresponds t o  E = 3.1~10 e V .  Unfortunately, t h e  optimum value of' E 
depends on T ,  a quant i ty  which i s  not e a s i l y  evaluated. The important t h ing  
For t h e  sample ca l cu la t ion  being used, t h i s  r 0 
-2 
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t o  note i s  t h a t  as T increases  above lo-' s e c ,  t h e  peak of curve 111-1 
increases i n  height and sh i f t s  toward lower energ ies .  
t h e  assumptions on curve 111-1, it i s  found t h a t  t h e  peak comes at t h e  
energy for whioh w 2  - w 2  = 0 when T i s  chosen t o  be about 10-l' seconds. 
A s  becomes increas ingly  l a r g e r ,  t h e  onLy method o f  maximizing Ae' i s  t o  
increase w so  that  it approaches w . I f  w >> w ,  t h e  d i e l e c t r i c  constant 
change cannot be optimized by varying w .  
For example, using 
0 
r 
0 0 
only one quant i ty  i n  equation (3-18) remains mspec f i ed ,  and it 
i s  An . I n  order t o  give 4n 
e f f e c t i v e  e l e c t r o n i c  energy l e v e l  having a separa te  index. 
a model f o r  t h e  system must assumed, with each 
j 3 '  
The simplest  
case involves only two l e v e l s ,  such t h a t  An, = -An t h a t  i s ,  a c e r t a i n  
number of  e l ec t rons  leave  l e v e l  1 and e n t e r  l e v e l  2. It i s  shown l a t e r  
1; 
t h a t  t h i s  case i s  t h e  One expected i n  CdS:Al, so  it is t r s a t e d  here.  
The n e t  density of e lec t rons  exc i t ed  from l e v e l  1 t o  l e v e l  2 i s  
propor t iona l  t o  t h e  i n t e n s i t y  of  t h e  appl ied  s t imulus ,  which i s  assumed 
t o  be l i g h t ,  and t o  t h e  length  of t i m e  t h a t  t h e  e l ec t ron  remains i n  the  
exc i ted  s t a t e  before re turn ing  t o  the  first state.  Thus, An. may be wr i t t en  
J 
where f i s  t h e  r a t e  a t  which e lec t rons  a r e  exc i t ed  t o  t h e  s t a t e  j ,  
i s  t h e  average time an e l e c t r a e  spends i n  state j and V i s  t h e  sample 
j n j  
S 
volume. This  equation represents  t h e  steady s t a t e  value of An . I f ,  on 
t h e  o ther  hand, t h e  l i g h t  removes e l ec t rons  from t h e  state,  f .  should be 
j 
J 
given a negative s ign ,  and T represents  t h e  average time an e l ec t ron  re- 
n j  
mains out of t h e  state.  
43 
The generation r a t e  f .  i s  r e l a t e d  t o  t h e  inc ident  l i g h t  i n t e n s i t y ,  
J 
t h e  absorption c o e f f i c i e n t ,  and many o the r  f a c t o r s .  I n  genera l  
f j  = 4 4  ( 3-37) 
where + j  i s  t h e  flux of photons which are s u f f i c i e n t l y  energe t ic  t o  a f f e c t  
An and a i s  a conversion e f f ic iency  which accounts f o r  r e f l e c t i o n ,  imcom- 
p l e t e  absorpt;ion, and any o the r  f ac to r s  which cause f t o  be l e s s  than (p 
Thus, 
j 
3 "  j 
One s p e c i a l  case i s  of g rea t  importance, and t h a t  i s  when T 
n j 
approaches i n f i n i t y .  For t h i s  s i t u a t i o n ,  equation (3-36)  does not apply 
because t h e  steady s t a t e  can never be reached as long as f i s  non-zero. 
The proper equation i s  then  
j 
t. ' ( 3-39) 
I n  choosing t h e  l i m i t s  of i n t eg ra t ion ,  it i s  asawed t h a t  An(0) = 0 and 
f j  ( t )  = 0 f o r  a l l  t < 0. Thus An. at some time t may be found by in t eg ra t ing  
J 
up t o  t h a t  time. 
The foregoing discusqion amounts t o  a p red ic t ion  t h a t  if l i g h t  were 
A l l  of t h e  q u a n t i t i e s  i n  equation (3-39) may be measured. 
+ j  
applied t o  a CdS sample under t h e  proper temperature and wavelength conditions,  
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a r e a l  change i n  t h e  d i e l e c t r i c  p e r m i t t i v i t y  would be the r e s u l t .  Several  
observers have searched f o r  such a change i n  E 
77OK and room temperature, and have come t o  t h e  conclusion t h a t  any apparent 
change could be explained by a change i n  t h e  conductivity. 
i n  CdS at temperatures between r 
Pure CdS c r y s t a l s  were tested at 37OoK and 1000 Hz i n  a General 
Radio 650-A impedance bridge by Kallmann, Krmer, and Mark54. 
change i n  capacity (nea r ly  10 ) was observed and a t t r i b u t e d  e n t i r e l y  t o  
a l a r g e  change i n  t h e  conductivity.  
pa r t  i n  t h e  change i n  t h e  d i e l e c t r i c  constant because Os decayed rap id ly  
following t h e  cessa t ion  of exc i t a t ion  while t h e  t r a p s  remained f i l l e d  for 
seve ra l  hours. 
using CdS:Cu powders a t  room temperature, and came t o  t h e  same conclusions 
A l a rge  
6 
T t  w a s  concluded t h a t  t r a p s  played no 
r 
Kallmann, Krwer, and 1 5 p r u e h ~ ~  repeated t h e  same tes ts  
S ixfo ld  changes i n  t h e  capacity of' CdS s i n g l e  c r y s t a l s  were 
reported by Broser, Brwnm, and l i e ~ b e r ~ ~  f o r  temperatures above 78OK and 
frequencies t o  300 kHz. 
d i e l e c t r i c  change w a s  ac tua l ly  a result of a change i n  t h e  conductivity.  
Here aea in ,  measurements ind ica ted  t h a t  t h e  apparent 
6 Kronenberg and Acaardo experimented with powders Qf ZnCdS:Ag, 
ZnCdS:AgCu, and ZnS:Ag at temperatures down t o  77OK and frequencies t o  
100 k.I-Iz. They a l s o  found l a rge  capacitance changes, bu-b concluded t h a t  
f o r  some powders the capacity change could not be explained s o l e l y  by 
photoconductivity. 
duckivity had decay times which were nsarAy temperature independent 
whereas f o r  t h e  o the r  c r y s t a l s ,  t h e  decay constant at 77OK w a s  much longer 
than at 300%. 
I n  genera l ,  those phosphors which had only photocon- 
These pho tod ie l ec t r i c  powders a l s o  possessed a constant 
capacity much higher than $he dark value at 77OK.  It w a s  found Chat t h e  
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capacity could be re turned  t o  t h e  dark value by warming t h e  c r y s t a l  t o  
about 180°K. A model fea tur ing  both t h e  pho tod ie l ec t r i c  and photoconductive 
e f f e c t s  w a s  suggested t o  explain t h e  observationq. 
I n  ZnS ( r e f .  46) and ZnS:Cu, GrSiO :Eu, and Zn2Si04:Mn ( r e f .  5 7 ) ,  3 
Garlick and Gibson found a change i n  t h e  d i exec t r i c  constant.  Crystals 
exh ib i t i ng  d i e l e c t r i c  changes proved t o  be both lwninescent and photo- 
conductive, implying t h e  presence of t rapping  si tes.  The phosphor was t h e  
d i e l e c t r i c  i n  a p a r a l l e l  p l a t e  capac i tor ,  which i n  t u r n  w a s  p a r t  of t h e  
frequency con t ro l  c i r c u i t r y  of a 0 . 1  - 10  MHz a s c i l l a t o r .  
capacitance of t h e  order of 1 p a r t  i n  10  were observable over a temperature 
range of  90 t o  600'1~. 
Changes i n  
4 
Simultaneous measurements of f luorescent emission 
and t h e  d i e l e c t r i c  constant proved t h a t  %he conductivity and d i e l e c t r i c  
constant exhib i ted  completely d i f f e r e n t  behaviors when l i g h t  was applied 
and afterward. The conclusion was that  i n  ZnS at low temperatures t h e  
d i e l e c t r i c  changes a r e  due t o  t h e  p rope r t i e s  of trapped e l ec t rons  and t h a t  
e lec t rons  i n  t h e  conduction band make no s ign i f i can t  cont r ibu t ion  [see p 423, 
Bube 6 1 .  
Reasons Tor t h e  f a i l u r e  of some observers t o  de tec t  a real 
change i n  t h e  d i e l e c t r i c  constant of CcjS may be made more apparent by a 
study of  t h e  proper t ies  of CdS, e spec ia l ly  dloped CdS. A review of Chapter 
2 shows t h a t  t h e  main f ac to r s  are 1) doping and 2 )  temperature. 
t h a t  i f  a l a r g e  pho tod ie l ec t r i c  e f f e c t  i s  des i red ,  t h e  c r y s t a l  would be 
It w a s  seen 
doped with impur i t ies  which produce many t r a p s ,  and t h e  temperature 
should be low enQugh t o  minimize thermal e x c i t a t i o n  of an e l ec t ron  from 
t h e  t r a p ,  once it is  captured, 
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€3. __. Free Electron Contribution 
4 Hartwig2, Arndt , and Stone5 have described a photodie lec t r ic  
e f f ec t  i n  come semiconductor c rys t a l s  due t o  the  presence of an excess 
of f r ee  c a r r i e r s ,  Arndt, i n  a very complate ana lys i s  of t h e  free c a r r i e r  
contr ibut ion,  derived t h e  dependence of  A E ~  on l i g h t  given i n  t h e  following 
equation : 
where 01 i s  the  conversion e f f i c i ency ,  $I is t h e  photon Slw, T i s  t h e  f r ee  
c a r r i e r  l i f e t i m e  and V i s  the  sample volume, This equation i s  e s s e n t i a l l y  
the  same as equation (3-35), and should be compared with equation (3-20) f o r  
t he  bound e l ec t ron  cont r ibu t ion ,  MaximizaCim i n  e i t h e r  case requi res  w 
and i f  w2 = 2w2, t he  expressions for A & '  f o r  t he  two cases a r e  equivalent ,  
except for t he  factpr  of n. This mews t h a t  t h e  l ifetime of t he  photoeffect 
i s  t h e  parameter which determines the  photosens i t iv i ty  of  a given ma te r i a l  
which i s  used t o  tune a resonsnt cav i ty .  
I, 
S 
l / ~ ,  
0 r 
C. Cavity Per turbat ion Theory 
A s ens i t i ve  method of detect ing changes i n  t h e  d i e l e c t r i c  constant 
o f  a ma te r i a l  i s  t o  place a sample of t h e  ma te r i a l  on t h e  s tub of a re- 
en t ran t  coaxia l  cav i ty .  
t he  d i e l e c t r i c  cons$ant of t he  sample w i l l  show up as changes i n  t h e  cavi ty  
Q and resonant frequency. 
frequency t o  be p rec i se ly  determined with a frequency counter which i s  
According t o  per turba t ion  theory , any changes i n  
The use of a superconducting cavi ty  allows the  
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. 
L 
9 accurate t o  one p a r t  i n  10 , 
analyzed by Arni!t4 and the re fo re  only t h e  h ighl ights  of t h e  theory a re  
reproduced here.  
The cavi ty  per turba t ion  model has been 
The re-entrant coaxial  cav i ty  with a d l e l e c t r i c  sample i n  place 
4 is shown i n  f igure  SII-2.  It may be shown t h a t  f o r  a high Q cavi ty  of t h i s  
type,  t he  change i n  t h e  resonant frequency, when t h e  sample character ized 
by E = E /E i s  i n i t i a l l y  placed on %he s tub ,  i s  r l o  
C 
where V is -the sample yolurne and V i s  t h e  cavi ty  volume. The r i g h t  
s ide  of equation (3-41) i s  not e a s i l y  ca lcu la ted  because of t h e  diff j .cul ty  
i n  measuring t h e  f ie lds .  However, i f  E i s  known, t h e  r a t i o  o f  t h e  
i n t e g r a l s  may be measured, and it i s  a constant for any given a m p l e ,  
S C 
1 
Fig. 111-2, Re-entrant Coaxial Cavity 
S q n i  conduc t o r  sample 3 
I I 
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O W  E - E l  
G 1 0 - E \  
1 E 
( 3-42) 
where t h e  r a t i o  of t h e  i n t e g r a l s  has been replaced by t h e  symbol G ,  whj.ch 
i s  commonly r e fe r r ed  t o  as t h e  geometry f ac to r .  The physical s ign i f icance  
of C. i s  t h a t  it i s  a mea,sure of tbe fracltion of $he electromagnetic energy 
in s ide  t h e  cavi ty  which i s  s to red  i n  t h e  d i e l e c t r i c  smnple. 
If t h e  d i e l e c t r i c  constant of t h e  sample i s  now changed from E~ 
t o  similar equations may be writCen. However, i f  we may assume t h a t  
t h i s  d i e l e c t r i c  change has no e f f e c t  on t h e  cavi ty  f i e l d s ,  G will remain 
unchanged aad we may write 
E - E2 
G O E , .  
w2  - w  
, # 0  I 
2 E 2 w2 w 
The s h i f t  i n  frequency obtained when changes t o  e2 i s  then 
- +] 
1 
w 2 - - w  
= E G [ *  
2 i 
w 0 
( 3-43) 
( 3-44) 
Since t h e  changes i n  w and E 
be r ewr i t t en ,  
a re  normally very small, equation (3-44) may 
X 
OW '€r -G 7 - 2 2  
M 
w 
(3-45 ) 
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The minus 
D. 
s ign  ind ica t e s  t h a t  
Power Absorption 
The pho tod ie l ec t r i  c 
1_
i f  E increases ,  w decreases.  r 
e f f e c t  may also be observed by noting t h e  
r e l a t i v e  power absorbed i n  the i n s u l a t o r  crystal i n  t h e  presence o f  an 
o p t i c a l  stimuJus. A complete treatmen$ Qf t h e  power absorption i n  
i n s u l a t o r s  i n  a re-entrapt coaxia l  cavi.t;y i s  given by Arndt . 4 The well- 
known expression for  t h e  electromagnetic power absorbed by a31 i n s u l a t o r  i s  
( 3-k6 1 = 1 / 2 w ~ " E ~  2 'abs 
where $ ' i s  t h e  imaginary p a r t  af t h e  canplex d i e l e c t r i c  cons tan t ,  and 
E i s  t h e  e l e c t r i c  fie$d, assumed t o  be constant throughout t h e  sample, 
Once again,  we w i l l ,  only consider t h e  change i n  absorbed power, APabs, 
which i s  
e 
= ~ / ~ w A E L E ~ E ~  2 
"abs 
But equation ( 3 - 2 0 )  gives 
c 3-47 1 
so equation (3-47) may be rewr i t ten  
J J 
Equation (3-49) may be fu r the r  s impl i f ied  i n  a manner idenkica l  t o  t h e  
s impl ica t ion  of Ael e a r l i e r .  For deep t r a p s ,  wo >> w, and t h e  term i n  
brackets i n  equation (3-49) reduces t o  
r 
For shallower t r a p s ,  U/T 3 u2 and bracketed term becomes 
Q 
Thus it i s  evident tha t  t h e  r e l a t i v e  power absorption r i s e s  from a very 
l o w  value,  when e l ec t rons  are t i g h t l y  bound, t o  a h igher ,  constant value 
f o r  more loase ly  bound e l ec t rons .  Figure 111-3 i s  a p l o t  of t h e  bracketed 
term i n  equat ios  ( 3 - k g )  using t h e  representa t ive  values of  parameters 
ca lcu la ted  e a r l i e r ,  and considering two values o f  T. The variable i s  t h e  
t r a p  energy E. It i s  seen t h a t  i n  t h e  region corresponding t o  t i g h t l y  
bound e l e c t r o n s ,  a l l  frequency dependence drops out of t h e  expression for 
t h e  power absorption, and power absorption data depends d i r e c t l y  on Ee ,  
An. and T. I n  the  o ther  region, t h e  dependence i s  on w a The curve appl ies  
only f o r  t h e  caee Qf w 
J 0 
l/r. 
The case of a free e l ec t ron  may be solved by s e t t i n g  wo = 0 i n  
equation ( 3-49). This y e i l d s ,  
T 4- 
free e l ec t ron  (*'abs' 
( 3-52) 
Fig. 1 1 1  - 3, Dependence of 46; on binding energy. 
Id8  
16 ‘2 
I d  
I d Z 0  
0. I QOI 0,001 0,0001 0 
Binding energy, eV 
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There a re  two l imi t ing  cases.  If w <r: l / r ,  we f ind  
(Apabs) f .e.  w. .<( 1 / T  (3-53) 
Al te rna te ly ,  i f  w >> l / r ,  t h e  expression becomes 
This La t t e r  expression i s  t h e  dependence found by Arndt fo r  the  f r e e  c a r r i e r  
case. Here, it i s  obvious t h a t  absorption reaches i t s  peak value f o r  w = l/ra 
Further analysis  shows t h a t  absorption i s  constant with respect 
t o  binding energy f o r  any energy l e s s  than a c e r t a i n  value. 
absorptiion, t he  condition w = l/r should be m e t .  
w2 = 2w2;  t h i s  condition i s  represented by a dot ted l i n e  on f igu re  111-3. 
The corresponding energy E represents .the "best" possible  t rapping 
Level, i n  terms of maximum frequency and power changes, 
requirement i s  t h a t  w = 1 / ~ ,  
To maximize 
Then As' i s  maximized for r 
0 
opt i m w n  
An a u x i l l i a r y  
Comparison with t h e  analysis  of Arnd-l; reveals  general  agreement. 
H i s  conclusion, t h a t  power absorption due t o  bound e lec t rons  i s  many orders 
of magnitude l e s s  than power absorption due t o  conduction e l ec t rons ,  i s  
va l id  only if t h e  e lec t rons  are t i g h t l y  bound. With loosely bound e lec t rons ,  
t he  r e l a t i v e  power absorption i s  t h e  same. An elec.tron i s  considered loose ly  
bound if U/T > ( w 2  - w z ) ,  
e, 
Some discussion of t h e  usefulness of power absorption data i s  
i n  order .  
experimental curves of P 
A comparison of equations (3-49), (3-451, and (3 -20 )  shows t h a t  
TS $ a d  A w / w  vs 9 should have t h e  same form. 
ab s 
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Thus, power absorption da%a can provide no new Information about An but can 
give a v&ue f o r  e i t h e r  T o r  Ee3 provided t h e  Qther  value is  known, Once 
these two parameters a r e  evaluated, furZ;her anaLysis of  power absorption 
3 
data  might provide a de f in i t e  ind ica t ion  of whether f r ee  o r  bowd c a r r i e r s  
cause frequenqy changes. 
Chapter 4 
DETERMINATION OF ELECTRON TRAP ENERGY 
To evaluate  t h e  accuracy of t h e  photodie lec t r ic  theory,  values 
Of f o r  t h e  t r a p  depths must be ob2;ained f o r  t he  sake of comparison. 
t h e  many methods which ex is t ,  two which are e a s i l y  performed and evaluated 
a r e  t h e m a l l y  s t imulated conductivity (TSC) and rela$ive absQrption measure- 
ment s . 
A. Thermally Stimulated Confluctivity 
The bas io  idea  behind t h e  thermally st inlulated conductivity ( T G C )  
technique i s  very s i ap le .  If an in su la to r  has energy l e v e l s  i n  t h e  for- 
bidden band which, at some low temperature , represent  t rapping centers  
r a the r  than recombination centers ,  then these  centers  can, be par t ia lLy 
f i k l e d  by l i g h t  with an appropriate  wavelength. 
an e l ec t ron  i n  a t r a p  w i l l  escape from that  t r a p  i n  a given time i s  pro- 
po r t iona l  t o  e -E/kT then it i s  obvious t h a t  as the temperature T i s  raised, 
t h e  trapped e lec t rons  a r e  more and more l i k e l y  t o  gain enough thermal 
energy t o  escape t o  t h e  conduction band, giving rise t o  an increase i n  t h e  
conduct ivi ty ,  Spec i f i aa l ly  , . the  ra$e equations f o r  t rappea and conduction 
eleotrons are , 
Since t h e  p robab i l i t y  t h a t  
n N Sve -E/kT + nc(Nt - nt)SY 
t c  ant/& = - 
Here, t h e  subscr ip ts  t and c refer t o  t rapping s i t e s  or t h e  conduction 
band, D i s  an e lec t ron  concentrat ion,  N i s  t h e  e f f e c t i v e  densi ty  of  s t a t e s ,  
S i s  t h e  e l ec t ron  capture cross  sec t ion ,  v i s  t h e  conduction e l ec t ron  
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thermal. ve loc i ty ,  E i s  the  absolute value of  t h e  energy d i f fe rence  between 
t h e  t r a p  and t h e  conduction band, and T~ i s  t h e  free c a r r i e r  l i f e t ime .  
The measurable quant i ty  i s  t h e  current  through $he photoconductor', 
which i s  propor t iona l  t o  nc. 
obtained. 
l i n e a r  heat ing rate b ,  such t h a t  
Thus the  dependence o f  n on T must be c 
I n  order  t o  s implify t h e  math as much as poss ib le ,  assume a 
T = To .f b t  (4-3) 
There e x i s t  two l imi t ing  cases i n  which equations (4-1) and (4-2) 
have approximate so lu t ions :  
every e l ec t ron  re leased  t o  the  conduction band s u f f e r s  recombination, and 
1) f o r  slow re t rapping,  it i s  assumed t h a t  
2 )  fo r  fast re t rapping ,  t h e r e  i s  e f f ec t ive  thermal equilibrium between t h e  
t r a p s  and t h e  conduction band. The first case i s  of l i t t l e  concern here ,  
and the re fo re  t h e  results of  t h e  ana lys i s  of Haering and will be 
presented without discussion:  
cr ( T )  = NcSvqpTL exp [-E/kT - L/b I NcSve 
T 
where d i s  the  conduct ivi ty ,  Nc i s  the  e f f e c t i v e  denai ty  of  conduction 
band s ta tes ,  S is t h e  e l ec t ron  capture cross  sec t ion  f o r  a, t r a p ,  v i s  t h e  
thermal ve loc i ty  i n  t h e  conduction band, g i s  t h e  e l ec t ron ic  charge, 11 i s  
mobil i ty ,  T i s  t h e  f r e e  c a r r i e r  l i f e t i m e ,  a d  E i s  t h e  t r a p  energy. A t  
t h e  maximum of 0 ,  t h e  equation f o r  E i s  
L 
2 
N c v ~ k ~ m  
E = kTmln[ bE ] ( 4-5 1 
where T i s  t h e  temperature a% which 0 i s  a msximrun. m 
For t h e  case of fast retrapping,  l e t  n + n = n. Since e lec t rons  c t  
i n  t r aps  are i n  thermal equilibrium with t h e  conduction band, we may wr i te  
n an C 
L d t  T 
- =  - -  
If Nt ?> Nc(Tm)e equation (4-6) becomes 
The so lu t ion  o f  equation (4-7) i s  
i s  r e l a t e d  t o  n by 
a nc If E >> kT 
T 
= n o ( N c / N t )  exp [-E/kT 
!The conduct iv i ty0  i s  given by 
0 
T 
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To f ind  E ,  it i s  necessary t o  set the  derivehive of I n  u equal t o  zero. 
Assuming E >> kT, the  resul-b i s  
( 4-11 ) 
where Tm i s  t h e  temperature at which o ( T )  reaches a maximw. Then 
where o 
rewr i t ten ,  
= gun N /Nt.  This  equation appliea only f o r  T = Tm, and may be 
0 o c  
If n,/Nt 2 1 such t h a t  t h e  t r a p  i s  nearly sa tura ted ,  then g o  
Bu$ o (T,) s ncqv, so equation (4-13) becomes 
Ncqp. 
E = kT m [ln 1%) -11 ( 4-14) 
This i s  similar t o  the equation which Bube n o m a l l y  uses ( i n  references 1 0 ,  34, 
41  f o r  example) : 
According t o  Haering and Adams’8, equation (4-15) is  i n  e r r o r  by at least 
kTm/2.A comparison of equations (4-14) and (4-15) shows t h e  e r r o r  i s  kTm 
when n = Nt. 
be high by 2.3 kTm i f  no = 0 . 1  N C ,  and equation (4-1.5) w i l l  be i n  e r r o r  by 
In  using equation (4-14) ,  t he  ca lcu la ted  vqlue o f  E w i l l  
0 
J‘ 
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3.3  kTm. 
be kept t o  a minimum ’by always f i l l i n g  t h e  $raps t o  pear s a tu ra t ion .  
For CdS , E = 20 kTm, so t h e  e r r o r  i s  important, although it u a n  
The quan t i t i e s  of equation (4-14) qay be found using t h e  following 
r e l a t ions  I F i r s t  , 
where t h e  subscr ipt  m ind ica tes  t h a t  t h e  quant i ty  i s  measured at t h e  
temperature at which t h e  TSC peak occurs. 
q = 1.6~10-’~ coulmbs,  1.1 i s  the  mobil i ty ,  d i s  tha  sample thickness ,  A 
i s  i t s  e f f e c t i w  e l e c t r i c a l  contact a r ea ,  R i s  i t s  res i s tance ,  I i s  t h e  
c i r c u i t  cur ren t ,  and V i s  t h e  b i a s  voltage.  
1.1 can be e a s i l y  measured, According t o  Kulp t h e  mobiliky of  CdS storage 
and t a p  c r y s t a l s  drops sharply as t h e  Colmperature decreases below room 
terqperature t o  a value of t h e  order of $0 am /volC-ssc. 
Also p i s  t h e  r e s i s t i v i t y ,  
A11  of these  quan t i t i e s  except 
9 
2 
The rel,ation far Nc(Tm) i s  
For CdS, mz/m = 0.2 a t  1,6OK according t o  Bopfield and Thomas18 and a l so  
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f o r  77OK eT. <-3SO'K, according t o  Zook and Dexter'', 
equation (4-17) may be rewri t ten 
Using t h i s  value,  
The value of k is 8.62~10-*  eV/'K. 
I n i t i a l  Rise of TSC Curve 
The preceding describes how da ta  near t h e  peak of a TSC curve can 
, ----B .  
be used t o  f ind  t h e  value of E ,  provided t h e  t r a p s  a re  nearly sa tura ted ,  
If t h e  t r a p s  a re  only p a r t i a l l y  f i l e d ,  E can be f o w d  by an analys is  o f  
t h e  i n i t i a l  r ise of t h e  TSC curve. 
i s  shown i n  f igure  I V - 1 .  Note t h a t  t h e  i n i t i a l  rise i s  given by 
A t h e o r e t i c a l  p l o t  of I n  u (T) /ao vs E/kT 
Thus a p l o t  of In u ( T I  vs l/kT has a slope o f  -E, and %his  value may be 
compared with t h e  value calculated by t h e  earlier method. 
C. Decayed TSX- 
The success of t h i s  i n i t i a l  r i s e  method depends on whether o r  not 
only one t r a p  i s  being f i l l e d  by t h e  o p t i c a l  stimulus. 
hQw t h e  observed TSC curve should look when Qne t r a p  i s  present ,  and 
Figure IV-3 shows how the  shape of t h i s  curve i s  d i s t o r t e d . a s  an increasing 
number of t r a p s  at o ther  l e v e l s  become f i l l e d .  
onLy one t rapping l e v e l  t o  appear i s  t o  only apply enough l i g h t  t o  p a r t i a l l y  
f i l l  Chat l eve l .  This method succeeds because t h e  deeper l e v e l s  apparently 
Figure IV-2  shows 
An obvious way t o  allow 
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Fig. IV-I,. Shape of t h e o r e t i c a l  TSC curve. 
tend t o  be f i l l e d  first. Unfortunately, only t h e  deepest l e v e l  can be 
observed i n  t h i s  manner. Another method i s  ca l l ed  decayed thqmnally 
st imulated conductivity.  Here, a l l  t r a p s  are sa tura ted ,  then t h e  temp- 
e ra ture  i s  r a i sed  enQugh t~ empty c e r t a i n  l e v e l s .  Then t h e  c r y s t a l  i s  
recooled, and subsequent, heat ing shows t h e  emptying of  t h e  remaining 
t r aps .  Figure IV-4 i l lustrates t h e  results o f  a t y p i c a l  decayed TSC 
experiment, 
D O  Relative Optical? Absorption 
There e x i s t s  anather meChod f p r  determining t h e  t rapping  
l e v e l  using the  same apparatus a$ i s  used i n  t h e  TSC t e s t s ;  it w i l l  be 
d 
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Fig. IV-2 .  Observed TSC peak for a s i n g l e  d i sc re t e  t r a p .  
Temper at ure 
ca l l ed  the  r e l a t i v e  o p t i c a l  absorption method, 
t he  photoconductor, apply l i g h t  f o r  a given length o f  t i m e ,  axrd then perform 
a TSC expePimen-k. 
measure of t h e  number of  e lec t rons  which were t rapped,  
Before an elec%ron can be trapped at a l e v e l  with an energy E, 
The bas ic  idea  i s  t o  cool 
The r e l a t i v e  area under t he  TSC curve then gives  a 
it must absorb t h e  energy of a photon whose wavelength i s  A .  
r e l a t i o n  between E and A ,  as I l l u s t r a t e d  i n  f igure  IV-5 i s  
The required 
E = hc/A + E (4-20) 
€5 
Since conservation of energy must hold,  the  photan energy should be 
exact ly  E - E. A small amount of excess energy could be taken away by 
g 
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6 3  
Fig. IV - 4. Comparison of normal and decayed TSC results. 
Temper at ur e 
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t h e  c rea t ion  o r  absorption of phonons, o r  t h e  e l ec t ron  could come frm 
s l i g h t l y  below t h e  t o p  of  t h e  valence band, but t hese  circumstances 
a r e  not t h e  general  case. I n  t h e  case of  CdS, conservation of momentum 
i s  not of concern, s ince  t h e  band t o  band t r a n s i t i o n  i s  d i r e c t ,  
Thus, i f  l i g h t  of wavelength X i s  applied t o  CdS at a low temp- 
e ra tu re ,  c a r r i e r s  a r e  exc i t ed  d i r e c t l y  t o  a t r a p  with t h e  energy E if 
equation (4-20) i s  s a t i s f i e d .  A TSC peak i s  observed only when t h i s  
provision holds e 
One minor complication a r r i s e s  because t h e  energy band p i c t u r e  
Therefore of a semiconductor or i n s u l a t o r  i s  a function o f  temperature, 
t h e  proper value of  E i s  t h e  value which appl ies  t o  t h e  temperature at 
which t h e  t r a p s  are f i l l e d ,  
4.2'K and C01bow*~ gives a curve showing t h e  v a r i a t i o n  of  E 
g 
Hopfield and Thomas!8 give E = 2.5826 eV a t  
Es 
with temperature; 
€3 
/////////'///// // 
hc/X 
Fig ,  IV-5 .  Relation between photon energy and t r a p  energy, 
it i s  reproduced i n  f igu re  11-2, 
value of E i s  near ly  constant for t he  temperature range below 100°K i n  
CdS s ingle  c r y s t a l s .  
va l id  at lower temperatures. 
On t h e  other  hand, Kulp24 shows t h a t  t h e  
This means t h a t  t h e  values of E calculated at 77OK a re  
An example of t h e  r a l a t i v e  absorption method i s  given i n  f igure  IV-7 .  
The curve i s  obtained by applying a given number of photons of some wave- 
length t o  t h e  c r y s t a l  a t  77OK and noting t h e  height of t h e  r e su l t i ng  TSC 
curve, which i s  then p l o t t e d  against  wavelength. I n  t h i s  example, a 
absorption i s  high i n  t h e  r m g e  0.28 <E Q 0.51 eV. The curve has rounded 
cornersg r a t h e r  than square,  due t o  s l i g h t  differences i n  t h e  nature  of 
t h e  t r a p s  and t h e  phonon e f f e c t s  discussed earlier.  This prevents 
t h e  construction of a sharply defined energy band model; an approximate model 
based on t h e  absorption curve of f igu re  I V - 7  i s  given i n  f igu re  IV-6. 
l 0 . 4 6  eV 
/// 
Fig. IV-6 Trap d i s t r ibu t ion  derived from r e l a t i v e  o p t i c a l  absorption 
measurement. 
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Fig. I V  - 7 .  T S C  peak current vs wavelength for 
cadmium sulfide sample 6 .  
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Chapter 5 
EXPERIMENTAL TECHNIQUES 
Many of  t h e  experimental techniques connected with t h e  photo- 
d i e l e c t r i c  e f f e c t  i n  resonant c a v i t i e s  have been thoroughly described by 
Stone5, and w i l l  only be b r i e f l y  mentioned here ,  
unique t o  experiments using CdS w i l l  be discussed more f u l l y ,  
Techniques which a r e  
A, Preparing Cadmium Sulf ide pxmples 
Cadmium s u l f i d e  i s  a s o f t ,  b r i t t l e  ma te r i a l ,  and must be handled 
with e x t r a  care ,  Samples dropped from a height of  about one foot  tend  t o  
s h a t t e r ,  and samples subjected t o  any small bending moment tend t o  cleave, 
Thus any appl ied pressure ,  such as t h a t  required i n  lapping o r  making 
e l e c t r i c a l  contact ,  must be uniform t o  prevent breakage. 
A diamond saw may be used t o  cut cadmium su l f ide  s ing le  c r y s t a l s ,  
but it i s  almost impossible t o  Obtain. wafers t h inne r  than 1 m. If t h e  
progress of t h e  s a w  through t h e  c r y s t a l  i s  l imi t ed  t o  severa l  mil l imeters  
per  minute, wafers one t o  two mil l imeters  t h i ck  can be rout ine ly  cut 
without breakage. Fas te r  cu t t ing  rates tend  t o  s h a t t e r  t h e  c r y s t a l .  
During t h e  cu t t i ng ,  t h e  sample must be securely he ld  i n  place on a l l  s i d e s ,  
both t o  prevent s h i f i i n g  and t o  support t he  wafer. Best r e s u l t s  are 
obtained by coating t h e  crystak wikh white w a x ;  b lack Apiezon wax should 
be avoided, as it i s  hard t o  clean o f f ,  
The wafer can then shaped with an u l t r a son ic  gr inder .  Experience 
has shown t h a t  it i s  bes t  not t o  cut t o o  deeply i n t o  the  c r y s t a l  with t h e  
gr inder ;  a net  work of small surface cracks tends t o  develop when t h e  
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grinding t o o l  approaches a depth of 1 m. A s a t i s f a c t o r y  technique fo r  cu t t i ng  
round samples of CdS from wafers 1 t o  2 mm t h i c k  i s  out l ined  as follows. 
F i r s t ,  using the  gr inder ,  cut t o  a depth of about 1 mm with t h e  c i r c u l a r  
t oo l .  
Remove any excess wax from the  sample by bo i l ing  it i n  t r ich lore thylene .  
Place the sample on a clean f l a t  surface,  such as a stone-top bench, and 
slowly begin deepening the  c i r c u l a r  trough i n  t h e  wafer w i t h  a sharp X-acta 
kni fe  or similar t o o l .  
of t ime,  t h e  c r y s t a l  w i l l  suddenly break along t h e  groove, Repet i t ion of 
t h i s  procedure around t h e  circumference of t h e  channel w i l l  y i e l d  a round 
sample w i t h  rough edges, 
g r i t  sand paper 
Then remove t h e  wafer from the  mounting p l a t e  t o  which it i s  attached. 
Afier  t h i s  p r w e s s  has proceded fo r  a shor t  per iod 
The rough edges a re  then e a s i l y  removed with coarse 
Cadmium s u l f i d e  samples can e a s i l y  be given a glossy surface by 
The lapping should be done by hand; t h i s  allows t h e  lapper  lapping them. 
t o  f e e l  t h e  presence of s m a l l  s l i v e r s  of  CdS which frequent ly  break o f f  
during the  pol i sh ing  process .  
sample, t h e  g r i t  should be washed away every minute or two, and replaced with 
f r e sh  g r i t ,  
surface resembling f ros t ed  y e l l w  g l a s s .  To achieve a glossy sur face ,  use 
#600 g r i t  and place a rubber sheet  between t h e  sample and a f la t  surface.  
Following t h e  pol i sh ing ,  the  sample should be cleaned t o  remave 
Since these s l i v e r s  tend  t o  scra tch  t h e  
Successive appl ica t ions  of #240, 400, and 600 g r i t  y i e l d  a 
any wax or o i l  l e f t  on t h e  surface,  This i s  accomplished by bo i l ing  t h e  
CdS i n  t r i ch lo re thy lene .  If an etoh i a  des i red ,  d i l u t e  HC1 may be used, 
but t h i s  tends t o  d u l l  t h e  surface.  
Samples t o  be used i n  photoconductivity or r e s i s t i v i t y  t e s t s  
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should be provided with indium contacts .  
applying permanent contacts  i s  vacuum evaporation, although temporary con- 
t a c t  may be made by press ing  an indium c i r c l e  against  t h e  C d S  sample. 
should be noted here  t h a t  only indium and gallium always make ohmic contact 
w i t h  CdS. 
The only r e l i a b l e  method of 
It 
Special  care  should be used i n  s to r ing  CdS samples. It was, 
pointed out i n  Chapter I1 t h a t  water vapor and oxygen a r e  r ead i ly  adsorbed 
on the  surface and the re fo re  CdS crys-bals should be kept i n  a dry helium 
or nit rogen atmosphere when not i n  use. They should also be cushioned 
from shock and shielded from l i g h t ,  
It i s  usual ly  des i rab le  t o  measure t h e  s i z e  of samples, as t h i s  
information i s  normally required i n  t h e  ana lys i s  of e l ec t ron ic  proper t ies  
of t he  material. The e a s i e s t  way t o  obtain t h e  a rea  and volume of t h e  sample 
i s  t o  measure i t s  thickness  and weight, 
of CdS i s  4.82, t h e  a rea  and volume may then be quickly found. 
Using t h e  f a c t  t h a t  t h e  densi ty  
B. Preparing the Cavity 
The microwave oavi ty  must f irst  be e l ec t rop la t ed  w i t h  l ead ,  This 
procedure i s  t r e a t e d  f u l l y  by Stone* and w i l l  not be t r e a t e d  here except 
t o  note t h a t  t h e  p l a t ing  so lu t ion  appeared t o  give t h e  bes t  results when it 
had a pH of 0.4.  
It w a s  a l s o  found t h a t  an unused lead-plated cav i ty  could be kept 
s ta in- f ree  i f  s tored  i n  an a i r - t i gh t  container .  The bottom of a coffee 
can was covered with anhydrous CaSO 4 
After  placing the  cav i ty  i n s i d e ,  t h e  c a n  w a s  f i l l e d  w i t h  helium gas and 
c r y s t a l s ,  which absorb water vapor. 
closed w i t h  a p l a c t i c  lid. The l ead  sur faces  of c i r c u i t s  s to red  i n  t h i s  
P 
manner suffered no not icable  d isco lora t ion .  
Various methods of a t tach ing  t h e  C d S  sample t o  t h e  quarter-wave 
s tub were attempted, and it was found t h a t  t h e  only acceptable method w a s  
t o  employ a t e f l o n  c o l l a r  a Indium-gallium and indium-mercury e u t e c t i c s  
do not wet t h e  CdS, and thus  do not supply enough adhesion t o  keep t h e  
sanple f i rmly i n  place.  Various glues ,  such as Elmer's Glue and Duco 
Cement, have good adhesive proper t ies ,  but  d i f f e r e n t i a l  expansion during 
t h e  cooling process tends t o  break the  CdS c r y s t a l s .  
For t he  bes t  r e s u l t s ,  a CdS sample should be t r ans fe r r ed  from 
i t s  s torage box t o  t h e  cav i ty  i n  t h e  dark,  because o p t i c a l l y  induced 
e f f e c t s  i n  CdS frequent ly  requi re  days t o  decay, 
fac tor  a t  room temperature should not be made u n t i l  t h e  e l ec t rons  reach t h e i r  
equilibrium energy states,  as indicated by the  s t a b i l i z a t i o n  of t h e  
cavi ty  frequency., Generally,  t h e  frequency i s  invar iab le  a f t e r  about an 
A measurement o f  t h e  G ' 
hclur i f  t h e  c r y s t a l  i s  properly shielded from the  l i g h t ,  
The cooling procedure i s  out l ined  as follows. F i r s t ,  evacuate 
t h e  vacuum space between t h e  walls of t h e  inner  dewar. Next place t h e  
cavi ty  assembly i n  t h e  dewar and evacuate it. Liquid ni t rogen i s  then 
t r ans fe r r ed  i n t o  t h e  outer  dewar and allowed t o  precool  t h e  cavi ty  and 
inner  dewar for about s i x  hours. After r e f i l l i n g  t h e  l i q u i d  ni t rogen j acke t ,  
t he  l i q u i d  heliwn may be t r a n s f e r r e d ,  
The process of  t r a n s f e r r i n g  helium. can be simple and quick pro- 
vided t h e  dewar has been properly precooled and evacuated. Best r e s u l t s  
a r e  obtained when t h e  gas pressure ins ide  t h e  heliwn s torage dewar i s  
kept a t  about 3 p s i .  Under these  condi t ions,  helium should begin t o  col- 
l e c t  i n s ide  t h e  dewar a f t e r  about 1 minute. If no such c d l e c t i o n  i s  
observed a f t e r  1 1 / 2  minutes, t h e  attempt t o  t r a n s f e r  should be abandoned, 
and t h e  source of t rouble  should be sought. Noticable cooling of t h e  
t r a n s f e r  tube ind ica tes  i t s  vacuum jacket  i s  not s u f f i c i e n t l y  evacuated. If 
t h e  t r a n s f e r  tube does not cool not icably,  f a i l u r e  of t h e  helium $0 
condense ind ica tes  t h a t  t h e  vacuum jacket  of t h e  inner  dewar i s  not properly 
evacuaked. If t h e  helium l e v e l  rises and then begins t o  drop, an addi t iona l  
p o s s i b i l i t y  i s  t h a t  t h e  helium storage dewar has been emptied. 
Orten it i s  desr iable  t o  quickly w a r m  t h e  apparatus a f t e r  an 
experiment t o  f a c i l i t a t e  a rap id  sample change. Af te r  removing t h e  cavi ty  
from t h e  helium bath and allowing the  Liquid ins ide  t o  evaporate, a slow 
f l o w  of  helium gas i s  maintained through t h e  c i r c u i t  t o  prevent t h e  entrance 
of water vapor. The cavi ty  i s  a l s o  placed i n  a f l o w  of hot a i r  from a heat 
gun. 
and prevents discolorat ion of t h e  l ead  surface.  It i s  not advisable t o  
allow t h e  cavi ty  t o  reach room temperature slowly i n  a, vacuum environment 
because t h i s  allows water vapor t o  en te r  through t h e  spaces between t h e  
f ibe r s  i n  t h e  l ight-pipe,  damaging both t h e  l ead  p l a t e  and l ight-pipe.  
This produces warming t o  room temperature i n  about f i f t e e n  minutes, 
C. Photodielect  r i c  Effect Apparatus 
A block diagram Qf the  apparatus used t o  study t h e  photodie lec t r ic  
e f f e c t  I s  shown i n  f igure  V-1 and t h e  equipment i s  shown i n  p l a t e  1. The 
resonant cavi ty  i s  operated as  a high Q tuneable bandpass f i l t e r .  The 
o s c i l l a t o r  and rece iver  frequency a re  simultaneously adjusted t o  maximize 
t h e  s i g n a l  through t h e  cavi ty ,  and t h e  counter then determines t h e  frequency 
of  t h e  o s c i l l a t o r .  The rece iver  a l so  provides a measure of t he  power 
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Fig. V-1. Block diagram of t h e  apparatus used t o  s tudy t h e  photodie lec t r ic  
e f f e c t  
absorbed i n  t h e  cavi ty ,  
cav i ty  and t h e  o ther  equipment, 
The tuning s tubs provide matching between t h e  
The cav i ty  assembly cons i s t s  o f  two sec t ions ;  t h e  header and t h e  
c&vity i t s e l f .  
assembly, and p l a t e  2 shows t h e  disassembled cavi ty  assembly. 
Figure V-2 shows t h e  e n t i r e  assembly i n  place i n  t h e  dewar 
The header suspends t h e  cav i ty  i n  t h e  l i q u i d  helium, The t h r e e  th in -  
walled stainless steel  tubes contain t h e  input and output probes and t h e  
f i b e r  op t i c  bundle. S t a in l e s s  s t e e l  has a low thermal eonduct ivi ty ,  and 
thus t h e  thin-wal l  tubes minimize the  conduction of  heat  i n t o  t h e  dewar. 
The brass p l a t e  and brass  scouring pad minimize t h e  t r a n s f e r  of  heat  by con- 
vect ion cur ren ts  i n  t h e  helium gas.  The probe supports a r e  adgustable over 
a range o f  2 inches,  t o  provide var iab le  coupling t o  the  cavi ty .  An i n l e t  
for pumping gas i n t o  t h e  cav i ty  i s  provided through one of the  probe tubes.  The 
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header i s  provided with vacuum-tight, f i t t i n g s  so  t h a t  t h e  ins ide  of t h e  dewar 
may be evacuated. 
The cavi ty  cons is t s  of  t h e  r ad ia t ion  s h i e l d  can, a tapered loading 
p l a t e ,  and a locking r ing .  The loading p l%te  i s  tapered and provided with 
small vent holes t o  f a c i l i t a t e  t h e  escape of any helium bubbles which may 
form ins ide  t h e  cavi ty .  
p l a t e  t o  t h e  can. The cavi ty  i s  at tached t o  t h e  header with machine screws. 
The locking r i n g  securely a t taches  t h e  loading 
D O  Light Source - and Cal ibrat  ion 
The l i g h t  used i n  most tes ts  i s  obtained from a Bausch and Lomb 
monochrometer, using incandescent lamps as sources,  The lamp Judged t o  be 
bes t  i s  a 1 2  V automobile headlamp. It i s  prefer red  because of i t s  s t e a w ,  
r ipple-free output , ease of' cont ro l ,  and freedom from cooling problems 
For more in tense  l i g h t ,  a 200 W p ro jec t ion  lamp i s  usefu l  but somewhat 
inconvenient because it requires  t h e  use of a cooling fan.  
The monochrometer provides a l a rge  range of wavelengths from 
0 
2000 t o  7700 A ,  p lus  a white l i g h t  s e t t i n g .  The output wavelength has a 
l inewidth of l e s s  than 50 A ,  and t h e  center  waveleng%h i s  r e s e t t a b l e  t o  
within one A. 
0 
0 
The accuracy of t h e  wavelength s e t t i n g  may be determined with 
0 
t h e  a i d  of a high pressure H2 a r c  lamp 
a reference.  The monochrometer has s l i t s  a t  both t h e  input and output t o  
using the  6562,8 A hydrogen l i n e  as 
vary t h e  l inewidth and i n t e n s i t y  of  t h e  l i g h t ,  
An attachment f o r  t h e  monochrometer provides a s h u t t e r ,  f -s top,  
and condensing l e n s ,  A s e l ec t ion  of lenses  i s  ava i l ab le ,  and t h e  l i g h t  
output i s  maximized by subs t i t u t ing  lenses ,  The f-stop provides a var iab le  
diameter aper ture  measuring 5/8" t o  1/16". The s h u t t e r  has provisions f o r  
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1/27, 1 /50 ,  a d  1/100 seconds, i n  addi t ion t o  T and €3 s e t t i n g s .  
0 
The source of 9200 A l i g h t  i s  Texas Instruments SNX 100 galium 
arsenide l i g h t  emit t ing diode, operated t o  give an output of  about 10 
m i l l i w a t t s  at 2 amps forward b i a s .  
The f i b e r  o p t i c  bundles were obtained from t h e  Al l ied  Radio 
Company and had transmission coe f f i c i en t s  ranging from 40% t o  70% 
depending on t h e  length ,  A curve of t h e  transmission coe f f i c i en t  vs h 
f o r  l i g h t  pipes  of t h i s  type i s  reproduced here as f igu re  V-3, I n  a l l  cases 
t h e  l i g h t  source i s  t r e a t e d  as t h e  f r ee  end of t h e  l i g h t  p ipe ,  and a l l  
l i g h t  measurements a r e  made at t h a t  po in t ,  
Light measurements a r e  made with a s i l i c o n  c e l l  used i n  conjunction 
with a Hewelett-Packard 410 c WVM. 
furnish t h e  l i g h t  ca l ib ra t ion  because of i t s  high s e n s i t i v i t y ,  l a r g e  a rea ,  
The s i l i c o n  s o l a r  c e l l  was s e l e c t e d t o  
and near ly  equal response t o  photons i n  t h e  v i s i b l e  region. 
1 4  60 Treatments of s o l a r  ce l l s  are given by Bube , Prince5’, Burns , 
and Wolf‘’; t h e  l a t t e r  two go i n t o  more p r a c t i c a l  d e t a i l s ,  and a r e  t h e  
source of most of t h e  following discussion concerning s i l i c o n  solar c e l l s .  
The co l l ec t ion  e f f i c i ency  rlc of a s o l a r  c e l l  may be defined as 
t h e  r a t i o  of t h e  number of  electron-hole p a i r s  separated by t h e  e l e c t r i c  
f f e l d  of t h e  p-n junc t ion  t o  t h e  t o t a l  number of absorbed incident  photons 
a t  a given wavelength. It depends on t h e  band s t r u c t u r e  of t he  semicon- 
ductor material, t he  geometry of t h e  c e l l ,  e spec ia l ly  t h e  loca t ion  of‘ t he  
p-n junc t ion ,  and of course t h e  wavelength, 
with A for a t y p i c a l ,  high e f f ic iency  s i l i c o n  s o l a r  c e l l ,  
between 4500 A and 7500 A t he  curve i s  near ly  l i n e a r  and var ies  slowly with A .  
Figure V-4 shows how rl var ies  
It i s  seen t h @ t  
0 0 
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Fig. V - 3. Transmission coefficient for 
typical fiber optic bundles. 
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Fig. V - 4. Collection efficiency for a silicon 
solar cell. 
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It may be shown6' t h a t  t h e  I-V c h a r a c t e r i s t i c  of t h e  s o l a r  c e l l  
may be expressed by t h e  equation 
where I 
of  t h e  c e l l ,  and I i s  t h e  current due t o ,  and d i r e c t l y  propor t iona l  t o ,  
t h e  l i g h t .  This i s  merely t h e  equation of  a diode with I displaced by t h e  
i s  t h e  s a t u r a t i o n  cu r ren t ,  B = q/kT, Rs i s  t h e  s e r i e s  r e s i s t ance  
0 
L 
amount ILo 
V-5 r e s u l t s ,  and i f  I R s  <<V, 111 = IL at V = 0 ,  Moreover, both V and I 
a r e  d i r e c t l y  propor t iona l  t o  I f o r  t h i s  low l i g h t  condition, The i d e a l  
measurement Procedure would be t o  connect a zero-input-impedance sunmeter 
t o  t h e  c e l l .  This  would s e t  V = 0 ,  and t h e  meter would read I 
Unfortunately t h i s  i s  impassible s ince  ammeters s u i t a b l e  f o r  measuring 
For s m a l l  values of 1 t h e  l i n e a r  I-V c h a r a c t e r i s t i c  of f i gu re  L' 
L 
d i r e c t l y ,  L 
low cur ren ts  have appreciable input impedance, but a cor rec t ion  i s  e a s i l y  
made. I n  t h e  c i r c u i t  of  f i gu re  V-6, t h e  c e l l  i s  represented by a current 
souroe I and a shunt r e s i s t ance  R and t h e  meter by a s e r i e s  r e s i s t ance  
% and a zero-resistance ammeter. RM var i e s  according t o  t h e  meter s ca l e  
L c 9  
used. If t h e  l i g h t  i s  s e t  at a constant l e v e l  and t h e  current i s  measured 
on a given meter s c a l e ,  I may be found by t h e  following well-known r e l a t i o n :  L 
5-21 
'M 
IM 
- 
Rc I L  - 
Thus, once R has been found, I may read i ly  be de temined  from 1 Once 
again it should be noted t h a t  t h i s  treatment only appl ies  when t h e  l i g h t  i s  
c L M" 
weak (i. e. IL <<Io) .  
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vO Voltage I) mV 
Fig. V-5. Current-voltage c h a r a c t e r i s t i c  of a s i l i c o n  solar c e l l  
f o r  low l i g h t  conditions.  
A second e f f i c i ency  term n r  must be introduced t o  take i n t o  
account such th ings  as r e f l e c t i o n  and e r r o r s  i n  measuring t h e  e f f ec t ive  
surface a rea  of the  c e l l .  This  term must be measured, and i s  assumed t o  
be wavelength independent 
of t h e  l i g h t  source must be measured. This is accomplished by measuring 
the  I - V  cha rac t e r i s t i c s  of  t h e  source, then f inding p ( T ) / p  (300'K) f o r  
t h e  f i lament ,  where p ( T )  i s  t h e  r e s i s t i v i t y  f o r  t h e  normal operat ing voltage,  
Reference t o  the  Jones-Langmuir table62 then gives t h e  temperature of t h e  
fi lament,  For convenience , t h e  Jones-Langmuir table i s  reproduced here as 
t a b l e  V-1, 
F i r s t  I) the  e f f ec t ive  blackbody temperature 
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T a b l e  V-1 
S P E C I F I C  CHARACTERISTICS OF IDEAL TUNGSTEN FILAMENTS 
(For a wire 1 cm long and 1 cm i n  diameter) 
62 
From H. A. Jones and I. Langmuir 
T ,  aK 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 
2900 
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er 
Fig. V-6, C i rcu i t  representat ion of a s i l i o o n  s o l a r  
connected t o  an ammeter. 
The area, A f ,  of t he  tungsten fi lament must a l so  be measured. 
The Stefw-Boltzmsnn Law gives the power emitted from a black bady as 
P 4 - = a~ watt m-2 
*f 
(5 -3 )  
If t h e  t o t a l  power emitted from an incandescent bulb i s  taken as t h e  
e f f ec t ive  current  times t h e  e f f ec t ive  vol tage,  and i f  T i s  known, then 
t h e  area Af i s  found from 
IV square meters P A f = - = -  oT4 CT T4 
84 
(5-4) 
The preceding ca lcu la t ions  used t h e  assumptions t h a t  emission from tungsten 
follows t h e  T l a w ,  and that, power leaves t h e  lamp only i n  t h e  form of  
radiat;ion. Although these  assumptions are not exac t ly  co r rec t ,  experiments 
have shown t h a t  f o r  t h e  higher  filarnent temperatures,  any r e s u l t i n g  errws 
may be ignored. 
4 
The photon f lux as a function of wavelength may be found by using 
t h e  ca lcu la ted  temperature and fi lament a rea  i n  the following form of t h e  
'blackbody r ad ia t ion  equation, which i s  given i n  egs u n i t s :  
-4 
2 n d  Af -1 -1 photon sec  cm 'p") E e hc/khT -1 A A  ( 5-5 1 
This gives  +he expected d i s t r i b u t i o n  of  photons leaving t h e  lamp fi lament 
f o r  a one cm wavelength i n t e r v a l  centered at A .  
Ah = 1A, and i s  given by 
This i s  e a s i l y  converted t o  
0 
-lo 1 ZIT photon see A- (5-6) 'p(h) = e hc/khT-l 
To obtain t h e  number of photons from t h e  lamp which ac tua l ly  
impinge on t h e  s o l a r  c e l l ,  ( P p ( A )  must be mul t ip l ied  by t h e  geometry f ac to r  
A /411r2, where Ac i s  t h e  a rea  of t he  c e l l  and r i s  t h e  dis tance from t h e  
filament t 9  t h e  c e l l .  This involves hhe a s s w p t i p n  t h a t  t h e  l i g h t  i s  
emitted from the  lqnp i n  a sphe r i ca l ly  symmetric d i s t r i b u t i o n .  
C 
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Thus, t he  f i n a l  expression f o r  t he  number of  photons i n  a given 
wavelength range A c h < A which impinge on t h e  c e l l  i s  
1 2 
The number 9 ( A )  of photons which ac tua l ly  contr ibute  t o  
ehP 
IL d i f f e r s  from $ ( A )  by t h e  f a c t o r  TI TI due t o  r e f l e c t i o n  and incomplete r c '  
conversion of photons t o  electron-hole p a i r s .  
when TI i s  assumed t o  be wavelength independent. Because of t he  unique 
shape of  t h e   TI^ vs A curve,  a graphical  i n t eg ra t ion  i s  required t o  solve 
t h e  preceding equation, The equalxion gives  t h e  c a r r i e r  generat ion i n  t h e  
r 
solar c e l l  which i s  expected when a blackbody r a d i a t o r  i s  placed at a t  dis-  
tance r from the  c e l l .  Comparison with experiment gives  rl , and t h i s  value 
w a s  found t o  be 58.5% f o r  t h e  c e l l  which w a s  used. 
r 
It i s  now poss ib le  $0 f ind  $ ( A )  from the  current  ind ica ted  by the  
86 
ammeter. The current  I at a d i sc re t e  wavelength X i s  given by L 
But IL i s  r e l a t e d  t o  t h e  meter current by 
- 54 -I. Rc 
5, - RC IM 
Therefore , 
(5-9) 
( 5-10) 
To give an example of  t h e  preoeding ca lcu la t ion ,  assume % = 9K, 
Q 
Rc = 18 K, q r  = 58.,5%, and A = 4800 A. 
and it i s  desired t o  convert t h e  reading i n t o  a photon f lux,  
t he  ourve of rl 
The current  measured i s  0,1457ya, 
Referring t o  
it i s  seen t h &  rl c(4800) = 68%. 
= 3.43 x 10l2 $(48OO) = - 3 0.1457 x 
1.6 x x 0.585 x 0.68 
Photons /aec 
This ca lcu la t ion  corresponds t o  t h e  a c t u a l  case when t h e  ammeter i s  t h e  
1.Tua s c a l e  of t h e  H-P bloc,  F Q ~  t h i s  case,  w e  f i n d  a conversion f a c t o r  
0 
of 2.35 x lox3 photons/sec - p a  for h = 4800 A. 
E. Thermally Stimulated Conductivity Apparatus 
A block diagram of t he  T$C apparatus i s  given i n  f igu re  V-TO 
Three separa te  current  paths  are required t 9  give t h e  sample cur ren t ,  
M i  cromi cro X-Y Recorde 
Temperature 
Reference 
DC Power Programmed 
Res i s t an ce 
Fig. V - 7. T S C  apparatus. 
a9 
0 
fiber optic bund10 t 
J f 
Fig. V -  8.  TSC sample holder. 
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Fig. V - 9. Heating rate for TSC apparatus. 
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Chapter VI 
RESULTS 
A. The Photodie lec t r ic  Effect  
Four d i f f e r e n t  samples of  C d s  and C d s : A l  were used i n  t h e  TSC and 
photodie lec t r ic  tes ts ;  one w a s  known t o  be high p u r i t y  material, t h e  second 
w a s  nominally pure,  and t h e  o ther  two were aluminum doped. The presence 
of  some aluminum i n  two of t he  samples w a s  discovered by p lac ing  p m t i o n s  
i n  an evacuated quar tz  tvbe and hea t ing  it t o  more than l l O O ° C .  
t h e  sample t o  decompose, and t h e  cons t i tuents  could be observed when they  
condensed on d i f f e r e n t  p a r t s  of the  cool  end of t he  tube.  Neutron ac t iva t ion  
analysis  confirmed the  presence of  aluminum i n  t h e  samples. 
This caused 
The phys ica l  c h a r a c t e r i s t i c s  of t he  samples used i n  t h e  photo- 
d i e l e c t r i c  experiments are l i s t e d  i n  t a b l e  IV-1. All are about 1 ern i n  
diameter and have pol i shed  sur faces .  
1, Aluminum Doped Samples 
The r e s u l t  of  a t y p i c a l  photodie lec t r ic  experiment with CdS:Al 
i s  shown i n  f igu re  VI-1. Several features of  t h e  curve are s i g n i f i c a n t .  
F i r s t ,  t h e  frequency begins t o  drop immediately a f t e r  the  appl ica t ion  of  t he  
l i g h t .  Also, it i s  seen t h a t  up t o  t h e  sa tu ra t ion  po in t ,  t h e  curve i s  
qu i t e  l i n e a r .  That i s ,  t h e  photodie lec t r ic  apparatus with a CdS sample 
ac ts  as an i n t e g r a t o r  of  l i g h t .  Third,  t h e  mechanical v ibra t ion  during 
a l i q u i d  helium t r a n s f e r  process removed p a r t  of t h e  frequency change, 
although it d id  not  a l te r  the  rate of  frequency change. Fourth, it i s  
seen t h a t  when t h e  l i g h t  i s  turned o f f ,  the  frequency change does not  
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decrease,  but  remains constant F ina l ly ,  a d e f i n i t e  s a tu ra t ion  e f f e c t  i s  
noted, a f t e r  which the  frequency can not  be changed s i g n i f i c a n t l y .  
To determine whether any of t hese  fea tures  were ac tua l ly  due t o  
photoconductivity, t h e  photoconductivity of t he  same samples w a s  measured 
f o r  t h e  same conditions of temperature and l i g h t ,  The r e su l t i ng  curve 
showing t h e  r i s e  of  conductivity f o r  weak l i g h t  i n  sample ha a t  4.2'K 
i s  shown i n  f igure  VI-2. Plo t t ed  on t h e  same curve, f o r  t he  sake of  
comparison, i s  the  photodie lec t r ic  response f o r  t h e  same sample and t h e  
same l i g h t ,  
reaches 2 x 10 electron-hole p a i r s  pe r  cm Also, it may be noted t h a t  
when n reaches 3 x t h e  photodie lec t r ic  response begins t o  s a t u r a t e ,  
although t h e  photoconductivity has only reached about 10% of i t s  f i n a l  value. 
It i s  seen t h a t  no current  can be measured u n t i l  n = a/Vs !$at 
16 3 
Table VI-I., Charac ter i s t ics  o f  photodie lec t r ic  samples a 
Sample 
Type 
3 Volume, cm 
Area, cm 2 
Thickness ,m 
G 
Electron 
Traps, eV 
1 
Nominally 
Pure 
0 050 
0 0 597 
0 838 
0 018 
0 27% 
0,27 
4a 
Aluminum 
Doped 
0 0716 
0 723 
0.99 
0 0232 
0,15 
0 176% 
0.20 
0 265 
0.35 
0.52 
4b 5 
Doped P w i t  y 
Aluminum High 
0 0 0975 0 1125 
0.80 0*75 
1,22 1.5 
0 03155 0 033 
0.15 
0 176% 
0.20 
0 265 
0035 
0.52 
6 
Aluminum 
Doped 
0 143 
0 742 
10 93 
0 0493 
0 0 127" 
0.13 
0.35 
0,43 
++ - l e v e l s  obtained with t h e  photodie lec t r ic  e f f e c t  
6 
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Fig. V I  - 2. Comparison of photoconductivity 
and photodielectric responses. 
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Clearly,  t h e  photodie lec t r ic  e f f e c t  i s  not merely a r e f l e c t i o n  o f  t h e  
increasing photoconductivity. 
A comparison of t h e  shapes o f  t h e  two curves shows t h a t  t he  
photodie lec t r ic  curve i s  l i n e a r ,  while t h e  photoconductivity has regions 
varying approximately as n5 i n i t i a l l y ,  and l a t e r  as n1'2. Analysis of t h e  
photoconductivity curve i s  impossible without a more de t a i l ed  energy l e v e l  
p i c tu re ,  but  it may be supposed t h a t  t h e  s t range current  va r i a t ion  i s  a 
r e s u l t  of a s l i g h t  movement of t h e  e l ec t ron  Fermi l e v e l .  For example, i f  
the Fermi l e v e l  moved from 0.151 e V  t o  0,150 eV at  4.2'K, t he  r e s u l t  would 
be an increase  by a f a c t o r  of 1 5  i n  t h e r  thermal exchange with the  conduction 
hand. 
Considering f igure  VI-2 again,  the  fea tures  of t h e  photo- 
d i e l e c t r i c  curve may be explained with t h e  a i d  of  t h e  energy model shown 
i n  f igure  VI-3.. The exc i t a t ion  c rea tes  electron-hole p a i r s ;  t h e  holes a re  
Valence / ~ / ~ e ~ ~  
Band 
Fig.  VI-3. Energy l e v e l  model for CdS:Al sample 4, 
immediately trapped a t  t h e  quenching l e v e l s ,  while t he  e lec t rons  a re  
t r a n s f e r r e d  t o  t h e  conduction band. Due t o  t h e  negative charge a t  t h e  
quenching l e v e l s ,  the  e lec t rons  do not recombine, bu t  r a t h e r  become trapped 
i n  one of t h e  ava i lab le  t rapping s i t e s .  
4 and 6 have shown t h a t  t he  deeper t r a p s  tend t o  f i l l  f i r s t  and t h a t  t he  
dens i t i e s  of the  0.52 and 0.35 e V  t r aps  i n  sample 4 a re  small; l e s s  than 
loL5 
TSC t e s t s  performed on samples 
each. This number i s  estimated by measuring t h e  length of time 
required t o  f i l l  these  deep t r a p s  with a given photon f lux .  For example, 
when (p w a s  2 x lo1' photons per  second,cl = 75%, and Vs = 0.023 em3, it 
w a s  found t h a t  an exc i t a t ion  per iod of about 15  seconds w a s  required t o  
f i l l  the  0.52 e V  t r a p  without appreciably f i l l i n g  the  t r a p  at 0.35 eV. 
a l l  of t h e  generated e lec t rons  were captured at t h e  deepest t r a p ,  (a/Vs) p$dt 
may be taken as the  dens i ty  of trapped c a r r i e r s .  A quick ca lcu la t ion  shows 
t h a t  t h i s  number i s  %9.7 x 10  e lec t rons .  Any recombination which might 
Assuming 
14 
have occurred would reduce t h i s  es t imate  t o  a lower value. The 0.52 and 
0.35 eV t r a p s  always required about t he  same amount of time f o r  f i l l i n g ,  
and thus the re  dens i t i e s  a re  thought t o  be approximately t h e  same. 
After  t he  f irst  30 seconds o f  exc i t a t ion ,  the two deep t r aps  
are  e s s e n t i a l l y  f i l l e d ,  and any subsequent exc i t a t ion  has the  e f f e c t  of 
f i l l i n g  t h e  shallow t r aps .  No detectable  f i l l i n g  of t he  shallow t r a p s  
occurred i n  t h a t  i n i t i a l  per iod of i l luminat ion.  The peak thermally 
s t imulated conductivity f o r  t he  0.15, 0.20, and 0.267 eV t r a p s  w a s  about 
10 t o  1 0  higher than the  peaks f o r  t h e  deeper t r aps .  From f igu re  VI-2, 2 5 
it i s  poss ib le  t o  es t imate  t h e  densi ty  of shallow t r a p s  as about 3 x 1017cm -3 , 
assuming t h e  densi ty  i s  equal t o  ( cr/Vs) 19dt. 
97 
. . -  
The l i n e a r  frequency change i n  f igure  VI-2 i s  a t t r i b u t e d  t o  
the  f i l l i n g  of the  d i s t r i b u t i o n  of shallow t r a p s ,  and the  associated 
e f f e c t  on the  d i e l e c t r i c  cons%ant of t h e  c rys t a l .  
ind ica tes  t h ree  c lose ly  spaced peaks at 0.15, 0.20, and 0.256 eV with ap- 
proximately equal dens i t i e s .  Use of t h e  equations of Chqpter 1x1 and the  
da ta  of f igure  VI-2 p red ic t s  t h e  e f f e c t i v e  t r a p  energy i s  0.176 eV. 
analysis  leading t o  t h i s  number i s  given as follows. 
TSC data  f o r  sample 4 
The 
F i r s t ,  it i s  noted t h a t  t h e  undisturbed frequency change i s  l i n e a r  
and amounts t o  262 kHz f o r  a period of exc i t a t ion  of' 185 minutes and a 
f lux  of 3.07 x 1OI2 photons/sec. 
by extrapolat ion.  
the e l l i p s o i d a l  average of  t h e  r e l a t i v e  d i e l e c t r i c  constant , according 
t o  Neuberger16), and then employing equation (3-4k)  , A& 
Any t a p  e f f e c t s  a r e  removed from t h e  da ta  
Se t t i ng  f = 841 MHz, G = 0.0232, and = 8.7 ( t h i s  i s  
i s  ca lcu la ted  t o  r 
be 1.26. Since a = 75%, Vs = 0.0716 cm3, and 4 = 3.07 x l oL2  photons/sec, 
equation (3-39) gives n = 3.75 x lox7 
equation (3-20),with m*/m = 0.2 ,  we then f i n d  LO: = 4.73 x 
t o  equation (3-30) , t h i s  means t h a t  the t r a p  energy i s  0.176 eV. 
Subs t i tu t ing  A&; and n i n t o  
According 
It i s  seen t h a t  f o r  t he  case of sample 4 t he  photodie lec t r ic  
experiment i s  not  ab le  t o  resolve the t h r e e  peaks found by TSC methods. 
Instead,  it gives an e f f ec t ive  t r a p  depth somewhat deeper than the  shallowest 
of t he  th ree  TSC l e v e l s .  
photodie lec t r ic  e f f e c t  on t r a p  energy causes the  shallQw leve l s  t o  be 
weighted more heavi ly  than t h e  deeper ones. TSC t e s t s  with sample 4 showed 
t h a t  the t h r e e  shallow t r a p s  f i l l e d  a t  t he  same time, s o  th ree  d i f f e r e n t  
s lopes,  one f o r  each l e v e l ,  were not  observed i n  t h e  photodie lec t r lc  tes t .  
This might be expected; t he  E-3 dependence of t h e  
98 
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Excitat ion of t he  sample a t  o ther  wavelengths between 4800 A 
0 
and 6000 A shows very l i t t l e  change i n  t he  preceding r e s u l t s ,  when 
compared on a per-unit-absorbed-photon bas i s .  This i s  t r u e  f o r  bo'ch photo- 
d i e l e c t r i c  and photoconductivity experiments. The absorption of  a l l  of t h e  
samples dropped sharply for wavelengths above 6000 A,  and thus these  
0 
wavelengths were not  employed. Absorption w a s  %75% f o r  a l l  X < 6000 8; 
only r e f l ec t ion  contr ibuted s i g n i f i c a n t l y  t o  the  l o s s .  The ne t  e f f e c t ,  - -  
therefore ,  can be maximized by exc i t ing  the  c r y s t a l  a t  wavelengths of 
the maximum absorption region. 
Photodie lec t r ic  t e s t s  performed i n  the  two aluminum doped 
samples y ie lded  e s s e n t i a l l y  t h e  same r e s u l t s ,  except t h a t  with sample 6 ,  
a frequency change of over 700 kHz was achieved. This sample proved t o  
have no 0.52 eV t r a p ,  but  two well-defined t r a p s  at 0.43 and 0.35 aV, 
with concentration of about 
s ing le  shallow %rap at 0.13 eV with a concentration g rea t e r  than lox7  
and 1Ol6 emF3 respec t ive ly ,  plus  a 
The est imat ion of t hese  dens i t i e s  preceded i n  t h e  same manner as f o r  
sample 4. 
e f f e c t  d a t a  i n  sample 6 p red ic t s  a t r a p  a t  0.127 eV with a concentration 
of 1.72 x 1017 
equal to (a/Vs) /$dt ,  as i n  t h e  case of sample 4. 
t r a p  follows from the  following experimental r e s u l t s :  a 
Using the  equations of Chapter 111, t h e  photodie lec t r ic  
The concentration i s  est imated as being approximately 
The depth of t he  e lec t ron  
3 = 0.75%, Vs = 0.143 em , 
$ = 2.2 x l ox3  photons/sec, and t l =  125 minutes. 
equation (3-39) gives n = 1.72 x 
Subs t i tu t ion  i n t o  
I n  equation (3-44) , A f  = 730 kHz , 
f = 831 MHz, G = 0.0495, and E .= 8.7, so Ach = 1 .6 .  Subs t i tu t ion  of A E '  and 
n i n t o  equation (3-20) gives u2 = 1.71 x l o p 7 ,  so E = 0.127 eV. This agrees 
R r 
0 
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qu i t e  w e l l  with t h e  s ing le  shallow energy l e v e l  a% 0.13 eV found be  TSC 
methods . 
It should be noted t h a t  sample 6 proved t o  'be about 1 . 5  times 
as s e n s i t i v e  as sample 4 when operated i n  t h e  photodie lec t r ic  mode and 
compared f o r  equal volumes and l i g h t  i n t e n s i t i e s .  This d i f fe rence  i s  due 
t o  the  f a c t  t h a t  t he  major t r a p  i n  sample 6 i s  s l i g h t l y  shallower than 
t h a t  i n  sample 4. 
2. Nominally Pure Cadmium Sul f ide  
Sample 1, the  nominally pure mater ia l ,  proved t o  be about one 
f i f t h  as s e n s i t i v e  as the  aluminum doped samples. TSC t e s t s  showed t h a t  
sample 1 appears t o  have a l a rge  (>loL7 ~ m - ~ )  densi ty  of t r aps  with a 
c h a r a c t e r i s t i c  temperature g r e a t e r  than 340 K. 0 The shallow t r a p s  found i n  
Cd5':Al a re  n9t  seen i n  t h i s  sample. Low temperature measurements of 
absorption vs wavelength showed t h e  absorption peaked at 4790 A,  i n s t ead  
of 5100 A as w a s  t he  case i n  the  aluminum doped materials. This provides 
0 
0 
fu r the r  proof of t h e  lack of shallow t r aps .  
temperature photoconductivity occurred at 5510 A, i nd ica t ing  t h a t  the  depth 
A sharp peak i n  the low 
0 
of the  e f f ec t ive  t r a p  i s  0.27 eV. Using t h e  same sample under t h e  same 
conditions,  t h e  photodie lec t r ic  model p red ic t s  an energy l e v e l  a t  0.27 eV.  
This ca lcu la t ion  uses t h e  experimental values A f  = 30 kHz f o r  t '= 50 minutes 
a t  Q = 3.5 x 1OI2 photons/sec. 
a = 0.75, and Vs = 0.50 cm a 
model and theory accurately p red ic t  t h e  depth of t h e  0.27 eV t r a p  from 
Also, f = 847 MHz, G = 0.0180, E = 8.7, R 
3 Here it i s  seen t h a t  t h e  simple photodie lec t r ic  
frequency change data .  
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3,  High Pur i ty  Cadmium Sulf ide 
Very l i t t l e  can be s a i d  about o p t i c a l  e f f e c t s  i n  sample 5 ,  t h e  
high p u r i t y  CdS, except t h a t  it i s  not a sens i t i ve  de tec tor  when operated 
i n  t h e  photodie lec t r ic  mode. For example, an average-sized sample w a s  only 
able t o  produce an 18 kHz change i n  t h e  cavi ty  frequency before  t h e  e f f e c t  
sa tura ted .  Some t r a p s  i n  s m a l l  concentrations were uncovered by t h e  TSC 
procedure, but the  loca t ion  and densi ty  of t h e  t r a p  proved t o  be heavi ly  de- 
pendent on t h e  method of preparation of t h e  sample, ind ica t ing  t h e  
t r aps  were probably due t o  some combination of surface defects  and oxygen 
and water adsorption. This problem w i l l  have t o  undergo a g rea t  dea l  
more study before the  o r ig ins  and loca t ions  of the t r a p s  can be accurately 
given 
It i s  i n t e r e s t i n g  $0 compare some o f  t h e  preceding r e s u l t s  with 
the da ta  of t ab le  11-1, which l is ts  energy l e v e l s  reported by o ther  workers , 
along with the  probable or ig ins  of the  l eve l s .  This comparison suggests 
t h a t  t h e  deeper t r a p s  at 0.52, 0.43, and 0.35 eV a re  due t o  e i t h e r  surface 
s t a t e s  or excess s u l f u r .  
B, Power Absorption 
The r e l a t i v e  amount of power absorbed by t h e  sample provides 
another ind ica t ion  of what processes are occurring the  c r y s t a l .  According 
t o  Chapter 111, both f r e e  and bound c a r r i e r s  should contr ibute  t o  the  power 
abso rp t ion ,bu t the  r e l a t i v e  cont r ibu t ion  due t o  f r e e  c a r r i e r s  should be 
l a r g e r  by some fac to r  which depends on w and T, the  momentum re laxa t ion  time. 
In  the  experiments with the  t h r e e  s e n s i t i v e  c r y s t a l s ,  the  p l o t  of 
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power absorption vs t i m e  always has t h e  same form as the  p l o t  of frequency 
change, provided t h e  photodie lec t r ic  e f f e c t  has not ye t  begun t o  s a tu ra t e .  
This r e l a t ion  i s  i l l u s t r a t e d  i n  t h e  f igure  VI-4 f o r  sample 4. 
t e s t s  t h e  r a t i o  of Af t o  AP was always approximately 50 kHz/db as long as 
the  curve of Af vs time was l i n e a r .  A very reveal ing departure from t h i s  
ru le  w a s  observed when sample 4,  already near ly  sa tura ted ,  was i l lumisa ted  
with an in tense  f ive  second pulse  of white l i g h t .  The r e su l t i ng  changes 
i n  the frequency and absorbed power are shown i n  f igure  IV-Sa. Here, it 
i s  seen t h a t  t h e  power quickly dropped a t  l e a s t  2 .1  db, and probably more, 
by the  end of t h e  pulse.  The frequency, on t h e  o ther  hand, slowly ae- 
creased t o  a f i n a l  change of 96 kHz. 
f i n a l  change of  1 . 5  db, t h e  value which might be expected t o  accompany the  
I n  a l l  
The power slowly recovered t o  a 
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frequency change. I f  t h e  change due t o  trapped c a r r i e r s  i s  subtracted from 
the  power absorption curve, t h e  p l o t  of f igure  VI-5b r e s u l t s .  It has exact- 
l y  the  same shape as a p lo t  of photoconductivity vs time f o r  the same 
sample subjected t o  a very b r igh t  l i g h t .  Thus, it i s  evident t h a t  the  
power absorption, when compared with t h e  frequency change, may be used t o  
separate  f r e e  c a r r i e r  e f f e c t s  from e f f e c t s  due t o  trapped c a r r i e r s .  
The same behavior i s  observed i n  a sample which i s  approaching 
sa tu ra t ion  and i s  s t i l l  being i l luminated.  
f o r  sample 4 under these  condi t ions.  T h i s  f igu re  c l e a r l y  ind ica tes  t h a t  
at the  time when t h e  t r a p s  became sa tu ra t ed ,  t he re  i s  an increase i n  t h e  
r a t e  a t  which e lec t rons  are being added t o  t h e  conduction band. 
Figure E - 6  shows Af and AP 
Since 4P has the  sane dependence on n as A f ,  it would be expected 
t h a t  t he  absorbed power should increase 3 db each time t h e  value of n i s  
doubled. This r e l a t ionsh ip  w a s  followed f a i r l y  c lose ly  by t h e  experimental 
da t a  i n  regions not  c lose  t o  sa tu ra t ion ,  Calculations of T are  not  possible  
a t  t h i s  t ime, due t o  the  i n a b i l i t y  t o  measure t h e  absolute change i n  the  power 
r a the r  than the  r e l a t i v e  change. 
c, The Tap Effec$ 
During one photodie lec t r ic  t e s t  with sample 4, it became necessary 
t o  t r a n s f e r  add i t iona l  l i q u i d  helium. The l i g h t  w a s  l e f t  on during t h e  
t r a n s f e r  process.  A p l o t  of Af vs time, shown in f igure  V I - 1 ,  shows t h a t  
due t o  t h e  s m a l l  mechanical v ibra t ions  associated with t h e  t r a n s f e r  process 
p a r t  of t h e  frequency change w a s  l o s t .  According t o  t h e  proposed model, 
t h i s  represents  t he  f r ee ing  of holes  i n  t h e  quenching l e v e l ,  which then 
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recombine with e lec t rons  i n  the  shallow t r aps .  Such f ree ing  has been con- 
firmed using TSC tests;  mechanical v ibra t ion  has been shown t o  reduce t h e  
height of a current  peak by orders of magnitude, or even remove it completely, 
depending on the  amount of s t imulat ion applied.  The d e t a i l s  of .the mechanism 
of the  t a p  e f f e c t  a re  not wel l  understood, Therefore it i s  poss ib le  t h a t  
experiments using the  photodie lec t r ic  e f f e c t  i n  CdS can be designed t o  y i e l d  
mor? knowledge about t he  t ap  process.  
The presence of the  t a p  e f f e c t  has one s l i g h t  disadvantage: t h e  
apparatus must be pro tec ted  from mechanical disturbances I n  p rac t i ce  , it 
w a s  judged t o  be s u f f i c i e n t  t o  avoid touching t h e  dewar module, and thus the  
disadvantage i s  ce r t a in ly  not  a great  one. The grea t  advantage i n  h a v h g  
the  t a p  e f f e c t ,  on t h e  o ther  hand, may be t h a t  it w i l l  provide a method of 
r e s e t t i n g  t h e  c r y s t a l  without having t o  w a r m  the  e n t i r e  cavi ty  assembly t o  
room temperatare. More experimental work along these  l i n e s  i s  necessary 
before  the  usefulness o f  t h e  method can be evaluated,  
D. Photodie lec t r ic  G-ptical Detector 
Due t o  the  nature  of t he  o p t i c a l  e f f e c t s  i n  CdS, t he  photodie lec t r ic  
de tec tor  i s  not  e a s i l y  compared t o  o ther  de tec tors .  
detectable  power (MDP) depends on how long the  experimenter i s  w i l l i n g  t o  
in t eg ra t e  the  l i g h t .  
For example, t he  minimum 
The noise  equivalent power (NEP) , defined as 
MDP 
NEP = 
i s  undefinable i n  t h i s  case because the  bandwidth, f o r  low l i g h t  l e v e l s ,  
approaches zero. 
Y 
To give an estimate of t he  photosens i t iv i ty  of t he  photodie lec t r ic  
detector ,  one must s e t  l i m i t s  on severa l  quan t i t i e s .  For example, assuming 
the minimum detectable  frequency change t o  be 1 Hz, and t h e  maximum allowable 
in tegra t ion  time t o  be one hour, the system used i n  these  experiments 
7 should be able  t o  de t ec t  about 1.31 x 10 photons/sec, o r  about 5 x 
wat ts ,  using sample 6. Any improvements i n  the  system, obtained by using 
a higher frequency, l a r g e r  sample, shallower t r a p s ,  and s o  f o r t h ,  would be 
expected t o  improve t h i s  f igure .  
The s e n s i t i v i t y  is  obv5ously a function of wavelength, and would 
be expected t o  vary i n  t h e  same way as t h e  absorption. When de tec t ing  
white l i g h t ,  some f i l t e r i n g  might be c a l l e d  f o r  t o  remove cer$ain in f r a red  
wavelengths t o  prevent quenching. 
E. Synmarr and# Recommendations 
It has been shown t h a t  the  photodie lec t r ic  e f f e c t  i n  a super- 
conaucting resonant cavi ty  can be used t o  simultaneously study t r a p  f i l l i n g  
and photoconductivity i n  CdS samples. I f  the  l i g h t  flu;x and absorption 
coef f ic ien t  of the  sample a re  known, and i f  t he  e lec t ron  t r aps  a r e  not 
grouped too c lose ly ,  one photodie lec t r ic  experiment y i e lds  t h e  depth of 
the  t r aps  and +hei r  dens i t i e s .  Compared t o  thermally st imulated conductivity 
measurements, t he  photodie lec t r ic  e f f e c t  experiment i s  much e a s i e r  t o  
perform, consumes l e s s  t ime, and provides r e s u l t s  which are  more e a s i l y  
analyzed. Other advantages of t he  photodie lec t r ic  approach are  that  no 
e l e c t r i c a l  contacts  are  required,  and the  only aux i l i a ry  physical  measure- 
ments on t h e  sample which are  required a re  i t s  weight and G f ac to r .  
Disadvantages are  t h a t  c losely spaced l eve l s  cannot y e t  be separated,  and 
t he  method i s  r e l a t i v e l y  in sens i t i ve  t o  deep t r aps .  
It has a l so  been seen, t h a t  t h e  photodie lec t r ic  e f f e c t  i n  CdS can 
be used t o  provide a s ens i t i ve  photon counter f o r  steady weak l i g h t .  
However, severa l  improvements i n  the experimental apparatus should be 
implemented t o  improve t h e  s e n s i t i v i t y  and reduce t h e  noise l e v e l  of  t he  
detector .  Making t h e  cavi ty  the  frequency cont ro l  element of an o s c i l l a t o r  
would be one such improvement. This would remove t h e  experimenter's 
judgement from the  l i s t  of fac tors  which determine t h e  resonant frequency, 
It would a l so  allow a continuous p l o t  of t he  cavi ty  frequency t o  be made, 
thereby providing a great  deal more reso lu t ion  i n  t h e  data.  
Another improvement i n  the  experimental apparatus would be t o  s e a l  
the  cavi ty  and keep it evacuated throughout the  experiment, thereby prevent- 
ing the  formation of helium gas bubbles which cause the  frequency of the  
cavi ty  t o  vary. 
A n  o p t i c a l  system t o  route the  l i g h t  i n t o  the  cavi ty  should be 
designed. I n  the  current  system, t h e  l i g h t  i s  at tenuated by a f a c t o r  of 
about 50% by passing through the  f i b e r  op t i c  bundle. 
the  l i g h t  pipe i s  not focused, which makes ca l ibra t ions  d i f f i c u l t ,  and the  
t ransmissivi ty  of t he  g l a s s  f i b e r s  drops t o  zero at X = 21.1, hampering 
attempts t o  measure e f f e c t s  due t o  in f r a red  l i g h t .  
Assuming these  improvements a re  made, many other  experiments 
The l i g h t  leaving 
should be performed. In  C d s ,  t h e  e f f e c t s  of i n f r a r e d  quenching should be 
investiga'ced, i n  order t o  form a more prec ise  model f o r  t he  o p t i c a l  e f f e c t s  
and t o  study the  usefulness of i n f r a red  quenching i n  r e s e t t i n g  the  cavi ty  
108 
frequency. With b e t t e r  reso lu t ion ,  more t e s t s  should be performed on 
samples 1, 4 ,  and 6 t o  separate  t h e  e f f e c t s  of deep or closely spaced t r aps .  
Methods of improving t h e  s e n s i t i v i t y  of  CdS samples should be 
invest  i ga t  e d . 
a f t e r  heat ing t h e  sample i n  a vacuum. 
the  adsorption of  gases i s  a l so  a wel l  es tab l i shed  f a c t .  Samples with l a r g e r  
concentrations of shallow t raps  should be obtained and t e s t ed .  Methods 
of r e s e t t i n g  the  c r y s t a l ,  such as t h e  t a p  e f f e c t ,  i n f r a red  quenching, or high 
e l e c t r i c  f i e l d  e f f e c t s ,  should be inves t iga ted  t o  determine the  degree of 
r e s e t a b i l i t y  possible  and t o  provide more information on t h e  nature  of 
the  t r aps .  
Many workers have repo rt e d improve d phot oc on duct i ve r e  s pons e 
Dependence of t h e  s e n s i t i v i t y  on 
The photodie lec t r ic  e f f e c t  i n  o ther  1 1 - V I  compounds should be 
s tudied,  I f  the  o p t i c a l  processes are  the  same, t he  group of 11-VI 
compounds could furn ish  sens i t i ve  o p t i c a l  detectors  t o  cover the  e n t i r e  v i s -  
i b l e  spectrum plus t h e  near  in f ra red .  Other l i gh t - sens i t i ve  compounds 
such as Ge:Hg and InSb, should be inves t iga ted  t o  determine whether t he  model 
and analysis  presented here  i s  usefu l  outs ide the  set  of 11-VI compounds. 
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